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Malaria is a major public health problem especially in areas where it 
remains endemic. It is caused by Plasmodium, a parasite which has become 
increasingly resistant to drug therapy. Certain blood disorders (including 
• 
thaIassaemia) confer innate protection against the disease. It is important to 
understand the nature and basis for such protection as these might yield 
useful clues which could help in the battle against this deadly disease. 
This study examined the possible mechanism(s) of this protection in 
thalassaemic red blood cells (RBC) using a novel approach. This was 
necessary because of the conflicting nature of existing reports. These earlier 
studies largely failed to factor in the effect of red cell size and age in the 
infectivity of the parasite. 
Therefore, in this study, a and p thalassaemic trait, HbH and normal 
control RBC were separated into age/size related fractions using a Percoll 
density gradient method. A correlation between RBC age and size in the 
fractions was established using red cell creatine as an index of cell age. The 
cells from different fractions and whole blood were then innoculated with P. 
、々， 
falciparum in continuous culture and the development of the parasite 
monitored over three erythrocytic cycles (144hr). Transmission electron 
microscopy was used to examine the uItrastructure of the parasite in both 
normal and variant red cells. 
The hypothesis that increased oxidant stress within the variant RBC 
is a mechanism for the innate protection against malaria was specifically 
examined by testing the effect of pro-oxidant and antioxidant substances on 
viii 
the development of the parasite. In addition, the relative susceptibility of the 
RBC to lipid peroxidation was assessed by flow cytometry. 
The salient findings in this study include a clear demonstration of the 
protective effect of thalassaemic RBC with significantly reduced rate of 
parasite invasion and growth. Poor re-invasion rates'noted in the second 
and third cycles, suggest the production of defective merozoites by parasites 
within thalassaemic RBC. The duration of culture and red cell age also had 
a significant impact on parasite growth, with deterioration in parasite activity 
occurring with increasing cell age and culture duration. This poor growth 
was also associated with the arrest of parasite growth at the schizont stage 
(schizont maturation arrest) and the appearance of abnormal, moribund 
trophozoite/schizont stage parasites in the old RBC fractions. Transmission 
electron microscopy revealed nuclear, ribosomal and food vacuolar damage 
/ 
with the appearance of fissures in the loose cytoplasm of these abnormal 
parasites. These changes are in keeping with free radical mediated damage 
and celluiar degeneration. 
The age related increased sensitivity to lipid peroxidation in these 
variant RBC was sigmficantly higher compared to normal RBC. Furthermore, 
antioxidant substances significantly improved parasite growth with 
conspicuous absence of abnormal parasites.丨门 contrast, parasite activity 
was inhibited with pro-oxidant agents. These findings provide further support 
for the effect of oxidant stress in the protective mechanism. 
With the novel experimental approach used, this study has shown 
that the protective effect of thalassaemic RBC is demonstrable in vitro and 
ix 
for the first time clearly brought out the role of cell age. Furthermore, by 
showing that this protection may well be mediated by an oxidant stress 
effect, these findings further provide useful clues to buttress the suggestion 
that pro-oxidant diet could be used as adjuncts to standard antimaIaria 
therapy. In addition, they also indicate that the use of antioxidant substances 





INTRODUCTION AND OBJECTIVES 
MALARIA •• HISTORICAL PERSPECTIVE 
Malaria is a major health problem that has been with man for 
centuries. It is believed to have spread with human migration into Europe, 
Middle East, Asia and China during the neolithic period (Knell, 1991). 
Indeed malaria is recorded in ancient writings from China. Malaria has had a 
decisive effect on the course of history and armies have been brought down 
as a result of fatal epidemics. The name malaria means "bad air" in Italian 
due to the belief that the disease was caused by the putrid air above 
stagnant water. The discovery of the Cinchona bark (Peruvian fever tree) for 
the treatment of malaria in the 17th Century was an important event in the 
history of malaria. The Jesuit missionaries learnt of its usefulness probably 
from lnca herbalists. Identification of the parasite as weii as the role of 
mosquitoes in transmission were landmark discoveries in the latter part the 
19th century. 
vi>-
In Hong Kong, it was also believed that bad air caused malaria 
especially in view of the swampy nature and numerous rice paddles in the 
areas which make up the present day New Territories. The introduction of 
the Cinchona bark to Hong Kong probably came through the Jesuit 
missionaries in Macau. It is reported that in 1692 missionaries used it to 
cure a Chinese Emperor (Knell 1991). Patrick Mason, the "father of present 
d3y tropical medicine" worked in Hong Kong from 1883 to1889 (McGregor, 
1 
1995), and he must have had significant impact on the treatment of malaria 
in the territory. With the aggressive eradication campagin of the 1950s and 
1960s Hong Kong is no longer endemic for malaria. However, with 
increasing affluence in the territory, exotic holiday travel is becoming more 
popular and many people are visiting ancenstral villages in China (some of 
which are in malaria endemic areas). It is therefore expected that the 
incidence of imported malaria in Hong Kong will be on the increase in the 
years ahead. 
SCOPE OF THE MALARIA PROBLEM 
Over time, advances and discoveries in medical science has 
increased our understanding of this disease and the pathogen involved. 
However, overcoming it remains a task yet to be achieved. Despite previous 
aggressive eradication programmes, at least forty percent of the world 
population (mainly in developing nations) are still at risk of malaria infection 
and in many areas the situation is worsening. Malaria remains endemic in 
most of sub-Saharan Africa, South East Asia, parts of the Indian 
念 
subcontinent, South America and some Melanesian islands (Figure I) 
(Weatherall, 1987). According to reports by the World Health Organisation, 
over two hundred million people are estimated to be infected annually. In 
addition, there are over a million annual deaths, mostly in children under five 
years of age and pregnant women (WHO 1993; Lambert & Grau’ 1989). 
These figures are considered conservative because of under reporting of 

































































































































































j into previously malaria free areas (Emanuel et al. 1993; Bradley et al. 1991). I [ 
The increasing use of air transportation and the in travel to "exotic" 
locations, most of which are endemic for malaria are important contributory 
factors. 
Malaria is associated with significant morbidity which worsens the 
quality of life and impedes economic development. Treatment of malaria has 
already posed a burden on the meagre healthcare resources of many 
developing countries. The emergence of drug resistant malaria strains is an 
increasing problem of major concern. Chloroquine resistant strains were first 
reported in South East Asia in the late fifties and have since been identified 
in most malaria endemic areas (Gilles & Warrell，1993; Wernsdorfer, 1991). 
Furthermore, malaria parasite strains are now developing resistance against 
other currently available antimalaria drugs (Wernsdorfer, 1991). This makes 
the treatment of malaria even more difficult and the prospects for successful 
control ever more distant. 
Innate protection against malaria 
汝 
Certain red cell disorders have been associated with an innate 
protection against malaria. These include genetic disorders like the 
thalassaemias, sickle cell anaemia, glucoses-phosphate dehydrogenase 
(G6PD) deficiency and acquired conditions like iron deficiency anaemia. As 
will be discussed later (section 1, chapter 4)，it is generally accepted that 
the high incidence of these protective genetic red cell disorders in malarious 
regions is due to a gene selection effect with malaria as the selective factor 
4 
(Weatherall, 1987). As a general basis for the innate protection associated 
I with red cell disorders, it has been postulated that with these conditions, 
alteration of the red cell internal milieu occurs thus making it unfavourable 
for parasite growth (Teo & Wong, 1985). Therefore, understanding the 
precise nature of the mechanisms involved in these natural protective effects 
should prove useful in the fight against malaria. 
Although the mechanism of protection is understood in some red cell 
disorders, it still remains elusive with respect to the thalassaemias. The 
reports from studies aimed at demonstrating this protective effect in vitro 
have been mostly conflicting (Udomsangpetch etal. 1993; Luzzi etal. 1990; 
lfediba et al. 1985), thus making a clear assessment of the mechanism 
involved rather difficult. To date, ail reported work looking at this problem 
have been done using whole blood samples. Most cultures have also been 
carried out over two erythrocytic cycles (96hr). Thalassaemic RBC are 
smaller in size compared to normal RBC (microcytosis) and they also have a 
wide internal variation in size (anisocytosis). Red cell size is one of the 
factors postulated in the protective mechanism. Studies done with whole 
blood samples have Qpi taken into consideration the possible effect of red 
cell size and its confounder cell age (as red cells become smaller as they 
I age). As will be discussed later, cell size and age might play a role in the 
protective mechanism and also modulate the effect of other factors (e.g. 





1门 this study, a novel approach was used to investigate the innate 
protection against malaria in thalassaemic red cells. This approach involved 
use of red cells separated into age/ size related fractions, with the activity of 
the malaria parasite in these fractions and whole blood monitored over an 
extended duration of three erythrocytic cycles (144hr). With this 
experimental design, red cell size (and the anisocytosis seen in 
thalassaemic red cells) as well as cell age are taken into consideration. In 
addition, the effect of the duration of the culture in the in vitro demonstration 
of altered parasite activity in thalassaemic RBC was also considered. This 
experimental approach was then applied to investigate role of oxidant stress, 
which is one of the mechanisms postulated to mediate the protection 
OBJECTIVES OF THIS STUDY 
Primary objectives: 
i. To demonstrate protection against malaria in the thalassaemias using a 
new strategy of examining parasite activity in both whole blood and 
fractionated RRC over an extended culture duration 




i. Compare countercurrent eluthation and Percoll density gradient methods 
of cell separation. 
ii. Assess sensitivity to oxidant stress in thalassaemic red cells using a flow 
cytometric method. 









THE MALARIA PARASITE 
Malaria is caused by a protozoa of the genus Plasmodium. There are 
four species causing infection in man. These are : (a) Plasmodium 
falciparum (b) Plasmodium vivax (c) Plasmodium ovale and (d) 
Plasmodium malariae. The Plasmodium falciparum species causes the most 
serious and potentially fatal form of the disease. This study will focus on the 
activity of this species of the parasite in thalassaemic RBC. 
1.1 LIFE CYCLE OF PLASMODIUM FALCIPARUM 
The life cycle of the malaria parasite is illustrated in Figure 1.1. This 
consists of four phases : one sexual phase without multiplication and three 
asexual phases with ^1tiultiplication. The sexual phase and one asexual 
phase (sporogony) occur in the invertebrate host, which in this case is the 
female anopheles mosquito, while the two asexual phases (hepatic and 






















































































































































































































































































































































































































































1.1.1 Life cycle within the mosquito 
Male and female gameocytes within the red cell are taken up when 
the mosquito feeds on a meal of blood from an infected human host. In the 
midgut of the insect, these gametocytes escape from the red cell and mature 
into free male and female gametes. The male gamete or microgamete is 
characterised by the presence of four to eight flageiia about 20-25pm in 
length. When the male gamete fertilises the female gamete (or 
macrogamete), a motile zygote is formed, which further develops into the 
invasive ookinete. This then penetrates the midgut wall and matures into 
the oocyst. The number of oocysts in the mosquito can vary between a few 
to several hundreds. The asexual phase of sporogony takes place in the 
oocyst as it divides to give rise to thousands of invasive sporozoites. On 
average, one single oocyst of P. falciparum may give rise to about a 
thousand sporozoites. The free sporozoites migrate through the body of the 
mosquito to the salivary glands, where they are stored within the salivary 
gland ducts. The upper half of Figure 1.1 illustrates these phases of 
development in the mosquito. 
汝 
1.1.2 Life cycle in man 
Two asexual phases occur in man. Sporozoites stored within the . 
infected mosquito's salivary glands are introduced into man，s circulation 
following a mosquito bite. The sporozoites stay in the peripheral circulation 
for a very short time before invading the liver cells (hepatocytes) to 
commence the first asexual phase called hepatic schizogony. They develop 
10 
into hepatic trophozoites which then develop into mature schizonts with 
numerous merozoites. The infected hepatocytes then burst releasing the 
merozoites into the circulation. 
The released merozoites rapidly invade red blood cells to commence 
the second asexual phase in man. This phase of erythrocytic schizogony 
takes 48hr in Plasmodium falciparum infection and begins with the invasion 
of the red cell by the merozoite. The process of invasion is a complex one 
requiring the parasite to recognise and attach to the erythrocyte in a specific 
manner before entry can be achieved. Orientation and attachment is 
specifically via the apical end of the merozoite (Mitchell & Bannister, 1988). 
This induces marked deformation in the RBC membrane followed by waves 
of deformation spreading out from the site of attachment. The merozoite is 
interiorized by a process resembling endocytosis and finally enveloped in a 
parasitophorous vacuole formed by invaginated erythrocyte membrane. The 
merozoite develops through the ring stage, the trophozoite and matures into 
the schizont stage parasite with 8-32 daughter merozoites. The red cell then 
bursts releasing the merozoites and the cycle starts all over again as the 
merozoites re-invade n^w red cells. The rupture of the red ceil is associated 
with the release of malarial "toxin，，which probably originates from a parasite 
membrane protein (Gilles & Warrell, 1993) and has been implicated in the 
genesis of the paroxysmal fever associated with malaria. Some merozoites 
^ 
however develop into male and female gametocytes which stay in the 




12 PATHOPHYSIOLOGY AND CLINICAL FEATURES OF 
MALARIA 
The hepatic phase of malaria infection produces no detectable 
symptoms or functional disturbance. Pathological changes and clinical 
！ 
features associated with the disease occur as a result of the erythrocytic 
stage of infection. 
p. falciparum infection has been associated with changes in the 
infected red cell and the secondary effects of these pathological changes 
give rise to the clinical features of malaria. These changes include : 
j. Formation of the malaria pigment (haemozoin) as a result of haemoglobin 
digestion. 
ii. Rheological changes such as altered deformability, 
iii. Development of protuberances (knobs) under the cell membrane 
iv. Expression of neoantigens on the red cell membrane 
V. Altered membrane transport mechanisms 
vi. Binding of parasitised red cells to vascular endothelium (cytoadherence) 
and to other uninfected RBC (rosetting). 
The secondary effects of these changes include stimulation of the 
reticuloendothelial system with cytokine production which produces the 
debilitating fever, aches, chills and rigors characteristic of malaria. Altered 
deformability, cytoadherence and rosetting as well as sequestration of the 
parasite in the capiliaries of various organs results in vascular occlusion and 
organ hypoxia. This is especially pertinent to the genesis of cerebral malaria 
and multiple organ failure seen in severe falciparum malaria. Cerebral 
12 
malaria with coma is potentially fatal, with children and non-immune adults 
at special risk. Severe malaria may also be associated with anaemia, 
i 
hypoglycaemia, fluid and electrolyte imbalance and massive intravascular 
haemolysis (Blackwater fever) (Knell, 1991). 
1.3 THE INTRAERYTHROCYTIC PARASITE 
1.3.1 Morphology of the erythrocytic stage parasite 
I 
Plasmodium is composed of cytoplasmic sub-units called organelles. 
The number, size and prominence of these organelles vary with the stage of 
parasite development, in keeping with changes in the functional and 
metabolic requirements of the parasite at the different stages. 
Merozoite stage : 
Of all the stages in the life cycle, the motile merozoite stage parasite 
is the smallest, it has an apical end with an apical ring and rhoptries. The 
latter are vesicle-like bodies. The pellicle consists of microtubules which are 
probably important for locomotion. These organelles are essential for the 
invasion of the red ceil. The site for red cell recognition is on the tip of the 
apical complex and this recognition process is strain specific (Pasvol et al. 
1992; Hadley & Miller, 1988). With red cell invasion, the pellicle is discarded 
and the contents of the rhoptries are emptied into the space between the 
apical complex and red cell membrane. As the invasion process proceeds, 
I the red cell membrane distends to enclose the parasite in a parasitophorous 
vacuole. The outer and inner membranes of the parasitophorous vacuole 
. 
13 
are derived from the red cell and parasite respectively. 
Trophozoite stage : 
Once invasion is complete, the merozoite rapidly develops into the 
erythrocytic trophozoite. The young trophozoite has a distinctive "ring" 
appearance on light microscopy. This is probably due to an attempt by the 
parasite to adapt to the erythrocyte shape (Knell, 1991). During trophozoite 
maturation, the parasite loses the ring appearance and increases in size, 
occupying a considerable portion of the host cell. Also during this period, the 
cytosome appears. This specialised structure is important in the feeding 
process as the parasite ingests the red cell cytoplasm and haemoglobin. 
Cytosomes with ingested food coalesce to form food vacuoles (Atkinson & 
Aikawa, 1990). Malaria pigment or haemozoin which appear as granules of 
black to yellowish brown colour on light microscopy are seen within the food 
vacuoles. Haemozoin is an iron-haem pigment formed as a result of 
haemoglobin digestion. 
The parasite cytoplasm contains numerous free lying ribosomes in 
the form of rosette-like polyribosomes. The endoplasmic reticulum is scanty 
i 
and the mitochondria lack cristae. Multilamellated bodies have been 
described in P. falciparum and it has been suggested that they may function 
as the mitochondria (Peters, 1970). 
Schizont stage : 
I The late trophozoite develops into the schizont stage parasite with 
schizogony beginning after about 30-40hr of erythrocytic growth. Nuclear 
14 
division occurs at this stage and the nuclear membrane remains intact 
during this process. As schizogony proceeds, mitotic spindles and a 
centriole appear in the nucleus. There is also an increase in the number of 
endoplasmic reticulum. As merozoites develop they move from the centre of 
the parasite to the periphery and organelles such as the apical ring and 
rhoptries re-appear. The haemozoin pigment and degenerating cellular 
material remain in the centre in the form of a residual body. The merozoites 
remain free in the parasitophorous vacuole until the red cell ruptures 
releasing them to re-invade new red cells. 
) 
Red cell changes 
The intraerythrocytic parasite induces changes in the host red cell. 
During trophozoite maturation the parasitophorous vacuolar membrane 
enlarges and forms diverticulae which extend into the red cell cytoplasm. 
These are referred to as Maurer,s clefts. It has been suggested that they 
I 
play an active role in the transport of nutrients and metabolites to and from 
the parasite (Knell, 1991; Aikawa, 1988). Recent evidence also suggests 
that they are involved in the trafficking of parasite antigens to the surface of 
the red cell membrane (Matsumoto et al. 1988). In some strains of P. 
falciparum the formation of knobs beneath the red cell membrane has been 
described (Atkinson & Aikawa, 1990). These knobs are electron dense 
material occurring in patches. They are of importance in the process of 
sequestration of the trophozoite and schizont stage parasite in the deep 
capillaries of various organs. 
15 
1.3.2 Metabolic processes in the malaria parasite 
During the intraerythrocytic phase of its development the malaria 
parasite depends on the host for its growth and nutrition. In the early 
trophozoite stages there is little metabolic activity. However, the red cell 
permeability is altered to provide access for entry of metabolic substrates 
and discharge of waste products. The late trophozoite/schizont stage is 
characterised by intense metabolic activity (Ginsburg，1990). Although the 
metabolic processes are understood in the trophozoite stage, little is known 
about what happens in the other stages. 
Carbohydrate: Glucose which is obtained by diffusion from plasma 
forms the main source of energy and considerable quantities are utilised 
during schizogony. It is broken down anaerobically through the glycolytic 
pathway. Energy is generated in the form of adenosine triphosphate (ATP) 
with the production of lactic acid as an end product. 
Amino acids: About 25-75% of the red cell haemoglobin is ingested 
and the globin portion is enzymatically broken down to obtain amino acids 
necessary for protein synthesis (Pasvol & Wilson, 1982). It has also been 
noted that the parasite is able to obtain some free amino acids from plasma 
as well as synthesise amino acids from carbon sources (Sherman, 1979). 
Purines and pyrimidines are important components of nucieic acids. While 
the parasite is capable of synthesising its own pyrimidine，it has to obtain 
purines from the host. 
f 
Iron: Malaria schizogony requires abundant ribonucleotide reductase. 
Iron forms an essential constituent of enzymes used in nucleotide synthesis. 
16 
A small intracellular pool of iron is utilised by the parasite. This consists of 
iron conveyed to the cell by transferrin as well as that resulting from 
endogenous haem breakdown and the mobilisation of ferritin iron (Jacobs, 
1977). 
Lipids and vitamins: Most lipid components are absorbed from the 
host. As it is capable of phosphorylating lipid precursors, the parasite can 
complete the synthesis of absorbed lipids. A number of vitamins and co-
enzymes are essential for the parasite. Folic acid is one of these, and it is 
important in the methylation of uracil to form thymine during DNA synthesis. 
Although, the plasma and the red cell contain ample supplies of this vitamin, 
the parasite still produces its own folic acid. Para-amino benzoic acid 
(PABA) is an essential precursor offolic acid and substances which interfere 
with its metabolism have antimalarial effect. Milk is deficient in PABA and 
this is probably why a milk only diet confers protection against malaria 
(Murray & Murray, 1975; Maegraith et aL 1952). 
Free radical effect: Malaria parasites are sensitive to free radicals 
and parasite activity is inhibited in the presence of high oxygen tension 
(Clark et aL 1984; Clark & Hunt, 1983; Allison & Eugui, 1982). The parasites 
have therefore been described as being microaerophilic in nature (Allison & 
Eugui, 1982). Increased generation of free oxygen radicals in the 
thalassaemias (as will be discussed later) has been linked with the innate 
protection they provide against malaria (Teo & Wong, 1985, Friedman, 
1979). Although the parasite is capable of producing its own enzymes for 
defence against the oxidant effect of free radicals, it also incorporates the 
17 
host antioxidant enzymes for its own use (Olliaro & Goldberg, 1995). 
As a result of the parasite's dependency on the host, it is vulnerable 
to changes in the host RBC. It can be inhibited by factors such as drugs or 
metabolic starvation (Assaraf et al. 1986). Defective globin synthesis or 
hypochromia 〖n the red cell could mean less nutrients available for the 
parasite resulting in some form of metabolic starvation. 
1 4 SUMMARY 
Malaria is caused by a protozoa called Plasmodium with clinical 
manifestations of the disease occurring as a result of the erythrocytic stage 
parasite. The parasite undergoes consecutive phases of organelle 
differentiation to enable it adapt and meet the requirements for each stage 
of its development. The parasite is dependent on the host for most of its 
nutritional requirements making it vulnerable to intervention. The 
microaerophilic nature of the parasite also makes it sensitive to changes in 
host cell oxidant status. 
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CHAPTER 2 
RED CELL PHYSIOLOGY 
2.f PREAMBLE 
The mature red blood cell has the shape of a biconcave disk, with a 
diameter of about 8p and 2-3p thick. The mean cell volume (MCV) is 85-100 
femtolitres (fl). It is anucleate and devoid of subcellular components and 
enzyme systems necessary for replication, maturation and differentiation. It 
therefore depends on pre-formed enzymes, and substances. 
Red cell production takes place in the axial skeleton and the distal 
ends of the long bones. However, during embryonic life, the liver and the 
spleen are the primary sites of erythropoiesis. The main function of the red 
blood cell is in oxygen transport and delivery. Haemoglobin is the main 
intracellular protein of the red cell and is responsible for this oxygen 
transport. The red ceil membrane however plays an important part in the 
ability of the parasite to adequately fulfil its function. 
Due to its unrenewable metabolic capability, the red cell has a limited 
life span of about 120ydays. It has been shown that as the red cell ages the 
mean cell volume decreases with a corresponding increase in the mean 
corpuscular haemoglobin concentration (MCHC) (Mosca etal. 1991; Jansen 
et al. 1986; Rennie et al. 1979). This decrease in cell size is thought to be 
due to a steady loss of water and cation throughout the erythrocyte life span 
(Cohen et al. 1976). As haemoglobin is the main determinant of red cell 
density (Clark & Shohet, 1985), the increase in MCHC means that as the red 
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cell ages, an increase in buoyant density occurs alongside the decrease in 
cell size. This age related change in density has been used to develop 
methods for separating red cells into age cohorts. The decline in the red cell 
enzyme systems has also been used as an index for the assessment of the 
metabolic age of red cells. However, the mechanisms of red cell senescence 
and ultimate removal from the circulation are yet to be fully understood. 
2.1.1 Synthesis of normal haemoglobin 
All human haemoglobin consist of two different pairs of identical 
peptide chains, each of which is associated with a haem molecule. During 
foetal development the major haemoglobin present is known as HbF which 
consists of two alpha and two gamma globin chains. The adult haemoglobin 
is HbA which is made up of two paired alpha chains and two unpaired beta 
chains. In addition there is a minor component called HbA2 which forms 
about 2.50/0 of the normal haemoglobin in adults and consists of alpha and 
delta chains (WeatheraII & Clegg, 1982). The synthesis of these globin 
chains is tightly regulated to prevent the accumulation of excess chains as 
this is deleterious to tffe cell. These globin chains are coded for by structural 
genes which are activated and inactivated at different stages of normal 
human development to produce the haemoglobin type for each 
developmental stage. The alpha genes are present on chromosome 16 while 
the other genes (beta, gamma, delta) are found on chromosome 11 (Hill, 
1992). Any anomaly in the activation or inactivation of these genes wiII lead 
to defective production of the corresponding globin chain. Such defects are 
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the basis of the thalassaemias. 
2.2 The red cell membrane 
It is essentially made up of tightly packed phospholipid molecules 
with their polar ends facing the aqueous phase on either side of the 
membrane. Both the external and internal surface is rich in polyunsaturated 
lipids. These easily undergo lipid peroxidation when attacked by free 
radicals (this will be discussed in detail later in this chapter). Spectrin and 
actin are the two major components of the membrane cytoskeleton. These 
are important in maintaining the red cell shape. Shape deformities and 
alteration in red ceil rheology (such as reduced deformability) seen in some 
red disorders are a result of anomalies in the cytoskeleton. The membrane 
is also penetrated by integral proteins such as glycophorin fK and band 3 
protein. These are important in the prevention of red cell agglutination and 
they also play a role in glucose and ionic exchange across the membrane. 
2.3 Red cell metabolism 
沒 
Energy generation occurs almost exclusively from glucose 
metabolism. About 90% of glucose metabolism occurs through the anaerobic 
pathway with generation of ATP (Beutler, 1990). ATP provides the high 
energy phosphate requirements of the cell. This pathway also plays a role in 
maintaining pyrimidine nucleotides in a reduced state. This is essential in 
the synthesis of 2,3-diphosphoglycerate (2,3-DPG) and met-haemoglobin 
reduction. The hexose monophosphate shunt (phosphogluconate pathway) 
21 
is an ancillary energy system (Hillman & Finch, 1992). Through this 
pathway, gluthathione is maintained in the reduced state using NADP 
(nicotinamide adenine dinucleotide phosphate). This pathway is therefore 
important in the antioxidant defence system of the body. 
2.4 Oxidant stress and antioxidant defence in the red cell 
As will be discussed later, the oxidant status of the thalassaemic red 
cell is altered and this has been suggested to be involved in the protection 
against malaria. A description of the mechanism of free radical generation 
and the antioxidant system present in the normal red cell would therefore 
provide the background necessary for the understanding of this pathology. 
2.4.1 Genesis of free radicals 
Oxidative stress is generated as a result of formation of free radicals 
in the body. A free radical is an atom or molecule containing one or more 
unpaired electron (Halliwell & Gutteridge, 1989). Due to the unpaired 
electron, the chemical reactivity of the atom or molecule is altered resulting 
态' 
in an entity more reactive than the corresponding non-radical. Free radicals 
generated in the body include, superoxide radical (〇•)，hydroxyl radical 
(OH.) and hydroxyl peroxyl radical. 
Generation of free radicals in the body can be initiated by various 
factors. This could be occur as part of normal biological processes 
(Moncada & Higgs, 1993), during the defence mechanism process e.g. the 
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generation of large amounts of 0. by activated phagocytes (Babior & 
Woodman, 1990) or in response to various forms of insults such as drugs, 
ischaemia, infection and radiation (Halliwell, 1994; Sies, 1985). Although 
some free radicals such as the superoxide radical are poorly reactive, others 
such as the hydroxyl and hydroxyperoxyl radicals are more toxic (Liochev & 
Fhdovich, 1994; Halliwell & Gutteridge, 1989). Free radicals once generated 
will attack target molecules such as lipids, proteins, carbohydrate and DNA, 
resulting in oxidant damage (Kurata et al. 1993). Figure 2.1 shows the 
process of initiation and propagation of oxidant damage. Although free 
radicals are capable of attacking different target molecules, their effect on 
lipids which results in lipid peroxidation is especially marked and has been 
the focus of extensive research. This free radical mediated lipid peroxidation 
has been shown to play a role in mechanisms underlying some physiological 
and pathological processes such as ageing, carcinogenesis, drug reaction 
and toxicity as well as defence against infection (Halliwell, 1994; Kurata et 
al. 1993). It has also been implicated in diseases like thalassaemia. 
\^ , 
2.4.2 The red blood cell and lipid peroxidation 
Three conditions favour the occurrence of lipid peroxidation. These 
are, the presence of a high degree of unsaturation in the lipid substrate, high 
oxygen tension and the presence of transition metal catalysts. No other 
biological system satisfies these requirements as well as the red blood cell 
(Rice-Evans, 1990). 
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Figure 2.1 
Schematic presentation of the process of initiation and 
propagation of oxidant damage. 
Modified from Lipid soluble antioxidants: Biochemistry 
and Clinical Applications. 
Ed. Ong A.S.H. & Packer L 
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Red blood cell membrane has a high content of polyunsaturated lipids and 
as an oxygen carrier the red cell is constantly exposed to high oxygen 
tension.丨门 addition, haemoglobin is capable of acting as a catalyst in the 
initiation of lipid peroxidation by shortening the induction period of the 
generation of free radicals from the lipid hydroperoxides (Chiu et al. 1982). 
2.4.3 Antioxidant defence systems 
Antioxidant systems exist to protect against free radicals and oxidant 
damage. Major antioxidant systems present in the red cell include 
superoxide dismutase (SOD), catalase, gluthathione peroxidase (GSH-Px), 
gluthathione (GSH), gluthathione reductase (GR) and vitamin E (a-
tocopherol) (Kurata etal. 1993). 
SOD converts superoxide radicals to hydrogen peroxide (H2O2) 
2CV + 2H- - ~ ^ H2O2 + O2 i k 
SOD 
The hydrogen peroxide generated in the above reaction is still toxic to 
the cell and still has to be removed. Catalase and GSH-Px remove the 
hydrogen peroxide (Chance etal. 1979). 
2H2O2 • 2H2O + O2 
A 
catalase 




However, evidence suggests that GSH-Px plays a more important 
role than catalase in moping up hydrogen peroxide (Flohe & Brand, 1969; 
Cohen & Hochstein, 1963). GSH-Px acts by converting GSH to its oxidised 
form GSSG. GSH acts in the antioxidant defence by being a substrate for 
GSH-Px. It is also said to dispose of oxygen radicals non-enzymatically 
(Wefers & Sies, 1983). GR is responsible for maintaining the intracellular 
concentrations of GSH by catalysing the reduction of GSSG back to GSH 
using NADPH as the hydrogen donor. Vitamin E occurs in the membrane 
and acts as a free radical scavenger. It blocks the chain propagation of lipid 
peroxidation by scavenging intermediate peroxyl radicals (Halliwell, 1994). 
i The capability of the antioxidant defence mechanisms are not 
limitless and may be overwhelmed by increased free radical formation 
resulting in oxidant damage. The term “ oxidative stress or oxidant stress" 
is used to refer to this effect (Sies, 1991). With mild oxidative stress, extra 
antioxidant enzymes are produced in an attempt to cope with the increase in 
free radicals. However, with severe oxidative stress cell injury and 





The thalassaemias are a heterogeneous group of inherited 
haemolytic anaemias in which there is reduced or absent synthesis of one of 
the globin subunits (a or P) of the haemoglobin molecule. 
3.1 PATHOGENESIS 
Deletions or point mutations affecting one of the globin genes occur 
in thaIassaemia. This results in reduced or absent production of the affected 
globin chain with excess accumulation of the unaffected globin chain. The 
excess chains combine and precipitate, which then damage the cell 
membrane leading to many of the clinical features associated with 
thaIassaemia. 
3.2 TYPES OF THALASSAEMIA 
The varying interactions of the deletions or point mutations affecting 
these the alpha and beta genes can result in a wide clinical spectrum of 
disease (Todd, 1984; Weatherall & Clegg，1982). 
3.2.1 Alpha thaIassaemia 
The alpha thalassaemias occur secondary to reduced (a+ 
thaIassaemia) or absent (oc。thaIassaemia) globin chain synthesis by the 
paired alpha globin genes. The oc+ thaIassaemia haplotype may be 
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deletional (with deletion of the affected gene) or non-deletional (point 
mutations ofthe gene) (Hill, 1992). This results in a clinical spectrum, which 
includes the silent carrier or thalassaemic trait with single or double 
deletions (•aVxa，-\aa or -aVa). and is compatible with normal life. 
Haemoglobin H (HbH) disease occurs when three out of the four genes are 
deleted (-/-a) and is associated with chronic haemolytic anaemia. When all 
four genes are deleted in Barts Hydrops, the condition is incompatible with 
life, in South East Asia a variant haemoglobin called Hb Constant Spring 
(Hb CS) is found. This occurs due to a base mutation in the alpha chain 
termination codon resulting in an alpha chain elongated by thirty one amino 
acid residues. This anomaly leads to inefficient synthesis of the alpha chain 
hence it is phenotypically similar to the a+ haplotype. A combination of the a。 
haplotype and Hb CS ( - /aa") results in HbH Constant Spring disease 
which tends to be clinically more severe than HbH. 
3.2.2 Beta thalassaemia 
The beta thalassaemias occur secondary to various mutations on the 
beta gene and are broadly classified into p' thalassaemia where there is no 
production of the beta chain and p+ thalassaemia where there is reduced 
beta chain production (Hill, 1992). It has been found that these conditions 
are very heterogeneous both at the molecular and phenotypic levels. The 
interactions of the many point mutations that affect the beta gene also result 
in a clinical spectrum ranging from the silent carrier, through beta 
thalassaemia intermedia to the severest form of the disease, beta 
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thalassaemia major, which is incompatible with life in the absence of medical 
intervention. The severity of the clinical picture can also be influenced by the 
presence of an alpha gene defect or another haemoglobinopathy as well as 
the level of foetal haemoglobin (HbF). Indeed p thalassaemia is associated 
with the persistence of HbF in infancy and childhood. 
3,3 ANOMALIES ASSOCIATED WITH THALASSAEMIC RBC 
Reduced red cell size (microcytosis) is a feature common to all forms 
of thalassaemic disease albeit to different degrees (Weatherall, 1983). The 
MCV in thalassaemics is usually less than 70fl. Thalassaemic blood shows a 
wide internal variation in red cell size which is called anisocytosis. In 
addition, the cells are hypochromic due to low haemoglobin content. There 
is associated ineffective erythropoiesis which worsens with severity of 
disease (Pippard & Wainscoat, 1987; Cazzola et al. 1979). Erythrocyte life 
span may be normal in mild asymptomatic thalassaemics but is usually 
shortened in more severe disease. 
Thalassaemic erythrocytes also show an increased susceptibility to 
oxidant stress which occurs partly secondary to the auto-oxidation of excess 
alpha and beta chains. It has been recongised that thalassaemic RBC 
contain high levels of free intraerythrocytic iron (Scott etal. 1993; Scott etal. 
1991). Recent work done by Scott and Eaton (1995) using a model p 
thalassaemia RBC suggests that this might be due to a release of haem and 
iron from the unbound a-haemoglobin chains. This phenomenom further 
initiates a ferric iron (Fe^^)-GSH reaction which destabilises normal 
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haemoglobin with the release of more iron and haem. The free iron is 
capable of initiating a chain reaction of oxidation of cellular components and 
this might account for the increased oxidant stress and membrane damage 
in thalassaemic red cells. Assessment of antioxidant enzyme systems has 
shown that thalassaemic red cells have higher levels of superoxide 
dismutase, catalase and gluthathione peroxidase compared to normal red 
cells suggestive of an attempt to cope with increased oxidant stress 
(Prasartkaew et al. 1986; Beutler et aL 1977b; Cellehno etal. 1976). Studies 
have demonstrated a significant increase in malonydialdehyde (MDA) a 
secondary product of lipid peroxidation following conditions of oxidant stress 
in thalassaemic erythrocytes (Rachmilewitz et al. 1976; Stocks et aL 1972). 
Detailed studies in p thalassaemia show a decrease in membrane 
phosphatidylethanolamine and arachidonic acid levels both of which are 
i susceptible to oxidative damage (Rachmilewitz et aL 1976; Jacob & Lux, 
1968). The thalassaemias are also associated with vitamin E deficiency 
(Rachmilewitz et al. 1979). This is probably due to the increased 
consumption of this potent antioxidant agent in the process of neutralising 
the oxidative damage which is occurring in these pathological red cells. 
In thalassaemic erythrocytes, precipitated excess globin chains attach 
to and damage the cell membrane, which leads to loss of membrane 
deformability (Advani etal. 1992; Scott et aL 1992; Rachmilewitz & Kahane， 
1980; Tillmann & Schroter，1979). It has been shown that thalassaemic 
erythrocytes have reduced and uneven distribution of membrane sialic acid 
and other membrane proteins (Rouyer-Fessard et aL 1989; Kahane et al. 
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1978a). This membrane damage also results in abnormal cation permeability 
(Wiley, 1981; Vettore et al. 1974; Gunn et al. 1972) such as potassium (fO 
leakage with resulting low intracellular fC content. Recent work by Oliviero 
and co-workers (1994) has demonstrated changes in the membrane cation 
transport pathways in thalassaemic RBC. This includes substantial 
stimulation of the K-Cl (potassium-chlorine) co-transport and the Na-Li 
(sodium-lithium) counter transport systems, as well as a reduction in the Na_ 
K-Cl co-transport activity. All thalassaemic RBC except a thalassaemic trait, 
also showed an increase in the Na-K pump activity. Furthermore, unlike 
normal RBC where the K-Cl co-transport activity is seen only in reticulocytes 
and young RBC, both young and mature thalassaemic RBC showed 
increased activity of this transport system. This suggests that rather than cell 
age，other factors might mediate these transport pathway changes. The 
antioxidant agent dithiothreitol significantly reversed the increased K-Cl co-
transport activity (through which fT loss occurs) and this is consistent with 
the suggestion that membrane transport anomalies in these variant 
erythrocytes occur as a result of oxidant mediated damage. These variant 
RBC also show an increased susceptibility to phagocytosis (Rachmilewitz et 
aL 1980; Knyszynski et ai 1979). Many of these abnormal features of 
thalassaemic RBC get more pronounced with increasing severity of disease 
as well as with erythrocyte ageing (Rachmilewitz et al. 1985). 
i Some of these anomalies are postulated to mediate the protection 
against malaria seen in thalassaemia. The next two chapters will review the 
evidence supporting this protection and the possible mechanisms involved. 
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CHAPTER 4 
PROTECTION AGAINST MALARIA IN THALASSAEMIA: 
THE EVIDENCE 
"The corpuscles of anaemic heterozygotes are smaller than normal, and 
more resistant to hypotonic solutions. It is at least conceivable that they are 
also more resistant to attacks by the sporozoa which cause malaria" 
J. B. S. Haldane(1949) 
In 1949, J.B.S. Haldane first suggested that heterozygotes for red cell 
disorders such as beta thalassaemia may be protected against malaria 
infection thus providing an explanation for the relatively high gene 
frequencies for these disorders found in malarious regions (Haldane, 1949). 
As the homozygotes usually have lethal disease, it suggests that a state of 
balanced polymorphism exists. Balanced polymorphism in effect reflects the 
prediction that the gene frequency of the protective heterozygous 
thalassaemic state wiH increase until it is balanced by the loss of the lethal 
homozygous states from the population. 
4.1 EPIDEMIOLOGICAL STUDIES 
Before the advent of recombinant DNA technology, an 
epidemiological study carried out in Sardinia examined Haldane,s 
hypothesis. Although this study demonstrated a decreasing incidence of 
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beta thalassaemia in mountainous regions where there is a lower malarial 
endemicity (Siniscalco et al. 1966) it was open to criticism. It was argued 
that the results could also be explained on the basis of migration of peoples 
(gene drift), i.e. thalassaemia was introduced from outside and failed to 
reach the isolated highland populations (Brown, 1981). However, gene 
selection, with malaria as the selective factor, remained a more likely and 
favoured explanation. Support for Haldane_s hypothesis emerged later with 
the advent of recombinant DNA technology. Furthermore, researchers were 
I also able to study the occurrence of high gene frequencies for alpha 
thalassaemia in malaria endemic regions. 
4.1.1 Use of Restriction fragment length polymorphisms (RFLP) 
Recombinant DNA technology allows the pattern of restriction 
fragment length polymorphisms (RFLP) in affected globin chains to be 
studied. A RFLP is a genetic variation in which a base change in DNA 
results in either the removal of the site for cleavage by a restriction enzyme, 
or the creation of a new one, leading to a genetic difference in the size of 
々 - ; 
the DNA fragments" formed by the enzyme. The pattern of these 
polymorphisms have been shown to be specific and limited to a number of 
haplotypes which are found in different populations (Antonarakls et al. 1982; 
Wainscoat et al. 1986). Current evidence indicates that these haplotypes 
were laid down in different populations prior to the genesis of gene 
mutations (Higgs et a/. 1984). Hence, the haplotypes present on the same 
chromosomes as the mutations were selected for as well. Using this 
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technological tool, it is possible to study the haplotypes in different 
I populations and determine whether the thaIassaemia gene arose de novo as 
!
a result of selection in distinct regions (gene selection) or if they had a 
single origin and were then spread by drift due to population movements 
(gene drift). 
1 1 
j Beta thaIassaemia: 
.1 
1 
• v l 
1 
1 Later work done using RFLP analysis, confirmed Haldane's gene 
^ . 
selection theory for beta thaIassaemia. In these studies, researchers 
identified different beta gene mutations in different regions. Even when the 
same mutations were identified in different populations it was shown that 
they were associated with different beta globin gene RFLP haplotypes. 
While there might have been some gene drift of the beta thaIassaemia gene 
between populations, these findings indicate that the beta gene mutations 
developed de novo repeatedly and achieved high frequencies by selection 
(Hill, 1992; Weatherall, 1987; Bunn & Forget, 1986). 
Alpha thaIassaemia : 
In the case of the alpha thalassaemias, studies carried out in Papua 
New Guinea and Melanesia, both areas of high alpha gene frequency, 
demonstrated an altitude-latitude dependent distribution of the alpha gene， 
correlating with malaria endemicity. While gene frequencies for the several 
different -<x alleles ranged from 0.24-0.69 in the malarious coastal regions of 
Papua New Guinea it was consistently less than 0.05 in the relatively 




I Furthermore, moving from the North to South of the Melanesian islands a 
1 
I 
j steady decline in the ^ gene frequencies was found which also correlated 
i 
with decreasing malaria endemicity (Hill, 1986). Analysis of the restriction 
enzyme haplotype have shown that this association is unlikely to be caused 
by migration or gene drift but is most likely due to a natural selection with 
malaria as the selective factor. Other studies have also shown that the a+ 
i 
！ 
and a。haplotypes in different populations are different (Flint et al. 1986a; 
Hill et al. 1985; Higgs et al. 1984; Pressley et aL 1980). The rarity of alpha 
gene deletions among populations in malaria free areas such as Japanese, 
Korean, Icelandic and British populations also supports the role of malaria 
as the selective factor (Nakashima et al. 1990; Shimizu et aL 1989; Flint et 
al. 1986b). 
j Therefore, like the beta thalassaemias, the alpha thalassaemias 
arose independently in different populations and high gene frequencies 
were achieved by natural selection. The association with malaria suggests 
that this selection is due to the protective effect they confer against malaria. 
4.2 CLINICAL SfUDIES 
Clinical studies have been carried out to confirm the observations 
from epidemiological studies. Work done by Oppenheimer and co-workers 
'J 
(1987) in Papua New Guinea showed that alpha thalassaemic subjects had 
reduced incidence of anaemia associated with malaria infection compared to 
normals. However, the same study also showed higher parasitaemlas in 




deletions (*<xAa ； - / aa ) and normals. This odd finding suggested a 
disadvantage for the single gene deletion (<t). This is incompatible with the 
‘ 
fact that in this population (with stable high malaria transmission), there is a 
high frequency of >a thalassaemia gene. 
it was suggested that this apparent paradox could be due to poor or 
slower parasite growth in thalassaemic red cells compared to non-
thalassaemic ones, so that infected thalassaemic erythrocytes survive 
longer in the circulation (Oppenheimer et al. 1987). Therefore, thalassaemic 
trait subjects might be more likely to show parasitaemia at any time than 
normal subjects, but should also have less severe malaria. Anaemia of 
malaria is a measure of morbidity in malaria infection. The lower incidence 
of anaemia of malaria which was demonstrated in the thalassaemic subjects 
1 is in keeping with this speculation. 
In addition, more recent work done in the Gambia also showed that in 
groups of children sick with malaria, none had alpha thalassaemia and only 
a small group of adults with alpha thalassaemia had histories of malaria 
(Abdalla et al. 1989). A case control study done in Liberia by Willcox and 
colleagues showed that subjects with beta thalassaemic trait had a reduced 
relative risk of developing malaria when compared with normals (Willcox et 
al. 1983b). Furthermore, when infected with malaria, beta thalassaemia trait 
subjects had reduced parasite densities and showed less severe infection 
(Willcox etal. 1983a; Willcox & Beckman，1981) 
36 
4.3 IN VITRO STUDIES 
With the introduction of the in vitro cultivation of Plasmodium 
falciparum by Trager and Jensen (1976), researchers have tried to validate 
these findings described in epidemiological and clinical studies. In addition, 
in vitro experiments offer the opportunity to determine the actual 
mechanisms involved. Studies done so far have cultured the malaria 
parasite in whole blood samples of thalassaemic blood, and have shown a 
definite growth impairment in more severe forms of thalassaemia such as 
HbH, Hb Constant Spring, and p thalassaemia major (Yuthavong et al. 1988; 
Yuthavong et al. 1987; lfediba et aL 1985). However, similar studies in the 
milder thalassaemic trait erythrocytes remain inconclusive. Luzzi and co-
workers (1991a) showed that there was no impairment of parasite growth in 
thalassaemic red cells. This is also in keeping with results from some other 
studies (Yuthavong et aL 1987; Luzzi et al. 1990). In another study, both 
normal and impaired parasite growth were demonstrated in samples from 
different alpha thalassaemia trait individuals (lfediba et al. 1985). In contrast, 
j a more recent work has demonstrated impaired parasite growth in both 
I alpha and beta thalassaemic trait erythrocytes (Udomsangpetch et aL 1993). 
Although differences in vitro culture technique or experimental design 
by different groups of researchers could have resulted in such inconclusive 
findings, this does not appear to be the case. The culture techniques used in 
these studies were to a large extent similar. Use of the older candle jar 
technique or 5% oxygen, 5% carbon dioxide and 90% nitrogen gas mixture 
(which is more suitable for parasite growth) does not appear to make any 
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difference in the results from different groups. Most studies maintained 
cultures for 4days and even where extended cultures duration was used 
{10days) (lfediba et al. 1985), the results were still inconclusive. Marked 
differences in the population or clinical status of thalassaemic trait subjects 
used in different study groups could also account for discrepancies. Once 
i 
j 
again this does not appear to be the case. The thalassaemic trait subjects 
.| 
i 
were mostly asymptomatic and one could not identify a scenario where for 
. 
;i 
I inst3Pice one study comprised only of single gene deletion 3lpha 
thalassaemia trait and the other just double gene deletion.丨门 fact，most 
studies appear to have been done with double gene deletion alpha 
thalassaaemics. In the study by lfediba et. al. (1985) thalassaemic trait RBC 
from some subjects exhibited impaired growth while those from other 
j subjects did not. Reasons for this discrepancy are not obvious as culture 
conditions were similar. 
Immune mechanism : 
Increased phagocytosis has been shown in the more severe form of 
thalassaemia (HbH and HbCS) but not in the thalassaemic trait (Yuthavong 
et al. 1987). Other studies have also tried to explore the relevance of the 
immune system in the protective effect with some contrasting results. Luzzi 
et al. {1991b) demonstrated an increased ability of thalassaemic 
erythrocytes to bind antibody from immune sera (i.e. sera from subjects with 
previous malaria infection). In addition, there was also an increased binding 
of naturally occurring antibody (in non-immune sera) to parasitised 




maturation. Alterations in cytoadherence of infected thalassaemic RBC were 
not demonstrated (Luzzi et al. 1991a; Luzzi & Pasvol, 1990). In contrast, a 
more recent study (Udomsangpetch et al. 1993) showed reduced 
:丨 
i 
cytoadherence and rosetting of parasitised thalassaemic erythrocytes. Also 
1 j 
binding to antibody from immune sera was only slightly elevated and did not 
reach significant levels. 
i 
- I 
Oxidant stress : 
i 
j Oxidant stress (as will be discussed later), remains a strong 
4 •：) 
candidate to explain the mechanism whereby the thalassaemias protect 
I against malaria. Friedman's work (1979) first demonstrated a possible role 
' j 
..! 
for oxidant stress in this situation. He showed a reduction in parasite 
multiplication in thalassaemic trait erythrocytes in the presence of pro-
oxidant agents such as menadione and riboflavin as well as in a 30% { • 
:丨 j 
oxygen atmosphere. This effect was completely reversed in the presence of 
the antioxidant vitamin E (a-tocopherol). Furthermore, Brockelman and 
;| 
colleagues (1987) showed that using a medium with less nutrients (amino 
acids) and antioxidants (gluthathione), it was possible to unmask the 
. 
protective effect of thalassaemic trait erythrocytes. As gluthathione is 
involved in mopping up free oxygen radicals，this would further suggest a 
role for oxidant stress. However, other studies have been unable to show 
similar reduced parasite growth in thalassaemic trait erythrocytes when 
grown in the presence of menadione, 30% oxygen or altered culture medium 
(Luzzi et aL 1991a; Luzzi et aL 1990). The role of oxidative stress in 
mediating the protective effect, therefore still needs to be further evaluated. I 
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CHAPTER 5 
POSSIBLE MECHANISMS INVOLVED IN THE PROTECTION 
AGAINST MALARIA IN THALASSAEMIC RBC 
The protective effect seen in thalassaemic red cells is presumed to 
operate during the erythrocytic phase of the disease, and various 
mechanisms have been postulated. 
5.1 RED CELL SIZE AND AGE 
Nurse (1979) proposed that microcytosis was the basis of protection 
against malaria. He suggested that there may be inadequate supply of 
haemoglobin and other nutrients (such as the intracellular iron pool) within 
the relatively small cells. The various processes involved in constituting this 
iron pool tend to cease with normal erythrocyte maturation, and may also 
explain the parasite's preference for young cells with higher availability of 
non-haem iron. 
The defective globin synthesis with resulting low mean corpuscular 
haemoglobin (MCH) and the subsequent microcytosis associated with these 
variant erythrocytes could mean less nutrients available for the parasite with 
deleterious consequences. The observation that iron deficient erythrocytes 
which are also microcytic confer protection against malaria further 
strengthens this hypothesis (Oppenheimer et aL 1986; Murray et aL 1978; 
Masawe et aL 1974). 
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As erythrocytes become smaller and denser with ageing, red cell size 
and age are possible confounders. Furthermore, a number of the other 
postulated factors in the protective mechanism are age related, thus 
indicating a need for a closer assessment of the role of cell age. In 
evaluating the protective mechanism in thalassaemic erythrocytes these two 
factors (cell age and size) need to be addressed and assessed. 
5.2 OXIDANTSTRESS 
As outlined earlier, the microaerophilic nature of the malaria parasite 
(Allison & Eugui，1982) makes it highly susceptible to the oxidative effect of 
free radicals (Clark & Hunt, 1983). Thalassaemic red cells are thought to be 
in a state of increased oxidant stress due to the excessive release of free 
radicals (Brunori et al. 1975). The excess alpha and beta chains seen in 
these variant cells can undergo auto-oxidation with free radicals formation 
(Kahane et al. 1978b). Increased activity of various antioxidant enzymes and 
low serum levels of vitamin E in thalassaemics are all pointers to the 
increased oxidant stress in these variant erythrocytes (Rachmilewitz et al. 
1985; Gerli et al. 1980). This increased oxidative stress in thalassaemic 
erythrocytes could therefore have a direct effect of impairing the 
development of the intraerythrocytic parasite. 
Lipid peroxidation due to free radicals causes membrane damage in 
thalassaemic erythrocytes (Rachmilewitz & Kahane, 1980). Such membrane 
damage could lead to cation leakage and of particular interest is the K* 






Friedman (1979) has shown that potassium leak is associated with death of 
the intracellular parasite and this could be another mechanism whereby 
these oxidant stressed cells confer protection against malaria. 
j 
Furthermore, it has been shown that the malaria parasite itself 
. i I 
induces oxidant stress in the parasitised cells (Clark et al. 1989; 
I 
Pomoinetskii et al. 1981; Etkin & Eaton, 1975). In normal erythrocytes, the 
i 
defence capabilities of the cell is able to cope with this, thus preventing any 
I j 
• j 
j damage to either the erythrocyte or the parasite. However, this additional 
1 
1 
•| oxidant stress induced by the parasite might be overwhelming to the already 
•i 
I compromised thalassaemic red cell. It has therefore been suggested that 
！ i 
I invasion of thalassaemic red cells by malaria parasites, which are 
! 
.1 
i susceptible to these radicals and also producing more themselves might be 
• i 
] 
a suicidal act (Teo & Wong, 1985). 
j 
Parasites grown in glucose-6-phosphate dehydrogenase (G6PD) 
I 
I 
deficient red ceils are able to adapt after a few cycles suggesting that the 
parasites are able to induce their own antioxidant enzyme systems to 
1 i 
survive in ceils with increased oxidant stress (Roth, Jr. & Schulman, 1988). 
'1 Whether this also happens in thalassaemic erythrocytes is unknown. The 
• j 




5.3 INTERACTING NUTRITIONAL DEFICIENCIES 
Deficiencies of some micronutrients required by the malaria parasite 









Thalassaemia is associated with a slow rate of riboflavin metabolism 
hence mimicking a deficient state (Anderson etal. 1989). Human and animal 
studies have shown that riboflavin deficiency confers protection 3gainst 
malaria (Kaikai & Thurnham, 1983; Thurnham et al. 1983). 
Two mechanisms have been postulated for the protection associated 
with riboflavin deficiency (Oppenheimer, 1992). The first is an indirect 
mechanism. Riboflavin deficiency impairs iron absorption from the intestine 
as well as its release from body stores. This results in a biochemical iron 
deficiency, and iron deficient states have been shown to protect against 
malaria. The second, and more likely mechanism, is thought to be due to 
the reduced activity of flavin adenine dinucleotide (FAD) of the parasite, the 
red cell or both. FAD is an essential co-factor for gluthathione reductase, 
which is an important enzyme in the antioxidant defence system. FRiboflavin 
deficiency will therefore lead to increased oxidant stress, loss of red cell 
membrane integrity of the red cell and possibly premature lysis of the 
parasitised red cell. 
Folic acid deficiency: 
This has been shown to accompany the thalassaemic trait condition 
(Herbert, 1993; Chanarin et al. 1959). Such a deficiency might prevent the 
completion of Plasmodium falciparum schizogony (Brockelman et al. 1983). 




to determining the protective or beneficial effect of folic acid deficiency in 
malarial infection. 
Vitamin E deficiency: 
Low serum vitamin E occurs in thalassaemia (Miniero et al. 1982; 
Rachmilewitz et al. 1979). Animal studies have shown that rats fed on 
vitamin E deficient diets had lower parasite densities with better survival 
I rates compared to controls, and that these effects were reversed with 
I 
•| 
administration of vitamin E (Eaton et al. 1976). As vitamin E is a potent 
...i 
j 
antioxidant, the protection associated with its deficiency might be mediated 
.i i 
through the effect of oxidant stress. 
1 
I 
5.4 INCREASED VULNERABILITY TO CELL MEDIATED 
IMMUNITY 
Cell mediated immunity to the erythrocytic stage of the malaria 
j •i 
parasite is effected by macrophages and monocytes (Allison & Eugui, 1983; 
Vernes, 1980). It is thought that they bind to the infected red cells in the 
..1 、 
1 
spleen or post capillary venules, discharge oxygen radicals which cause 
I degeneration of the vulnerable parasites. Thalassaemic red cells show 
increased propensity to phagocytosis by macrophages possibly due to the 
membrane abnormalities in these variant red cells (Rachmilewitz et al. 1980; 
Knyszynski et al. 1979). Increased phagocytosis of parasitised HbH and 
HbCS red cells has been demonstrated (Yuthavong et al. 1988). Recent 
studies have indicated the expression of a neoantigen on the surface of 
i 44 
i 
these variant red cells (Luzzi et al. 1991b). Reduced cytoadherence and 
rosetting which were seen in one study were however not demonstrable in 
another (Udomsangpetch et al. 1993; Luzzi et al. 1991a). An impairment of 
these two (cytoadherence and rosetting) would enhance parasite 
elimination, hence reducing parasite densities and the severity of infection. 
5.5 RED CELL DEFORMABILITY 
Cell flexibility is altered in thalassaemic red cells. They have excess 
surface area in relation to the cell volume with increased membrane rigidity. 
When subjected to hypertonic osmotic stress, they show a decrease in their 
I ability to undergo cellular deformation (Schreier et al. 1989). It has been 
. j 
suggested that these alterations in mechanical properties may play a role in 
j 
i 
•：| the protective effects against malaria seen in these variant red cells. This is 
i based on the observation that other variant cells such as Melanesian I 1 
• i 
ovalocytes, band 4:1，glycophorin-p and glycophorin^ deficient cells that 
' i j 
show decrease deformability all resist parasite invasion to varying degrees 
(Hadley et al. 1986; Mohandas et al. 1984; Pasvol et al. 1984). 
I Glutaraldehyde or diamide treated normal red cells also show a decrease in 
1 
parasite invasion which correlates with decrease deformability (Wilson et al. 
1983). However, the role of deformability in limiting parasite invasion is not 
conclusive as other variant red cells such as hereditary pyropolkilocytes, 
elliptocytes and spherocytes still show good parasite invasion despite their 
reduced deformability (Pasvol & Wilson, 1989; Rangachah et al. 1989). A 
recent study has suggested that parasite invasion might only be weakly 
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related to reduced deformability in thalassaemic erythrocytes (Bunyaratvej et 
al. 1992), as reduced invasion was seen only in severe thalasssaemic 
erythrocytes. In addition, the reduced invasion was less than proportional to 
the degree of reduction in deformability. 
However, the presence of the malaria parasite within the red cell has 
been shown to result in reduced deformability (Nash et aL 1989; Cranston 
et al. 1984) . The marked loss of deformability in red cells with trophozoite/ 
schizont stage parasites could lead to entrappment of parasitised RBC in 
I 
the spleen with ultimate clearance from the circulation. Such deformability 
.i 
i changes might be expected to be more severe in thalassaemic RBC (as they 
J 
1 i 
I already have reduced flexibilities to start with). The possible increase in 
1 •j 
,| 
I splenic clearance of parasitised variant erythrocytes would thus manifest as 
i 





5.6 ELEVATION AND PERSISTENCE OF HbF IN INFANCY 
I 
AND EARLY CHILDHOOD 
Early infancy and childhood represent the high risk age group in 
malaria endemic areas. Up to six months of age, protection 3gainst malaria 
is mediated via maternal antibodies and possibly HbF. Indeed in vitro 
studies have shown retardation of parasite growth in red cells containing 
HbF due to the presence of the HbF itself (Pasvol et aL 1977; Wilson et al. 
1977). This is possibly mediated through the effect of oxidant damage 
(Friedman, 1979). HbF is elevated in p thalassaemia and declines slowly in 





workers have postulated that the protection seen in thalassaemia is due to 
this persistence of HbF. However, it has been noted that slow decline of 
HbF may not occur in a thalassaemia {Teo & Wong’ 1985) and in adults with 
mild p thalassaemia trait HbF levels are not elevated. The fact that both 
groups are still protected against malaria casts a doubt on the degree to 
which HbF is involved in the protective mechanism with respect to adult 
thalassaemic erythrocytes. 
5.7 SUMMARY 
In this section, the salient points in the physiology of the malaria 
parasite and the red blood cell have been reviewed. In addition， the 
I 
pathogenesis of the thalassaemias as well as the anomalies associated with 
• i 
this group of variant erythrocytes was also covered. The evidence 
supporting the innate resistance of thalassaemic RBC against malaria (in 
, j 
particular the conflicting nature of reports from in vitro work) as well as the 
I possible mechanisms involved have also been reviewed.丨门 the subsequent 
i 
sections, the new approach involving the use of fractionated RBC with 
. i 
•i 





RED CELL FRACTIONATION 
； ‘ 
CHAPTER 6 
COMPARISON OF FRACTIONATION TECHNIQUES 
6.1 INTRODUCTION 
i 
6.1.1 Cell separation methods 
These methods include : (a) Gentrifugation on density gradients such 
I 
1 as Percoll, Stractan, Albumin and Phthalate esters (Rennie et aL 1979; 
i , 
I Corash et al. 1974; Nakashima et aL 1973) (b) High speed centrifugation of 
I 
packed cells (Murphy, 1973) and (c) Countercurrent elutriation (CCE) (van 
j 
der Vegt et aL 1985; Thompson et aL 1984). The first two methods separate 
cells on the basis of density while the third method combines both density 
and size as the basis for the separation. These separation methods are 
冷 
based on the increased red cell density that occurs with cell ageing. Both 
the density gradient and CCE methods are considered superior to the high 
speed centrifugation of packed cells. This is because unlike the high speed 
centrifugation method which yields just three fractions of red cells, more 
fractions of red cells can be obtained with these other methods, it must 
however be noted that Garby and Hjelm (1963) had earlier shown that the 
ultracentrifugation method is especially effective in giving a good separation 
I 48 
with respect to the youngest red cells. 
With the use of the density gradient method, the choice of agent used 
to constitute the gradients is important as some agents like phthalate esters 
may damage the erythrocyte. Percoll is a polyvinyl-pyrrolidone-coated 
colloidal silica which has been established to be mild on the cells without 
affecting their physical or chemical properties. In addition, it is obtainable in 
a sterile condition, making it suitable for a study such as this one, in which 
the fractionated red cells are to be cultured aseptically. It was therefore 
decided to compare the Percoll density gradient and CCE methods of cell 
separation to assess which would be most suitable for use in the study. 
Post fractionation assessment of haematological parameters and age 
of the red cells in the fractions obtained was also carried out. 
6.1.2 Assessment of red cell age 
Methods for red cell age assessment are based on the assay of age 
related enzymes as well as other substances. The inability of the mature red 
cell to perform protein synthesis means that it is unable to replenish 
intracellular enzymes as they get depleted with ageing. These enzymes 
I 
include hexokinase, pyruvate kinase, glucoses-phosphate dehydrogenase, 
I acetylcholine esterase, aspartate aminotransferase and pyrimidine 5'-
1 ! 
nucleotidase (P5'N) (Thompson et al. 1984; Cohen et aL 1976; Corash et aL 
j 
j 1974; Piomelli et aL 1967). Other methods include red cell creatine assay 
I 
and measurement of glycated haemoglobin (Fehr & Knob, 1979; Fitzgibbons 
et a/. 1976). The observation that increasing red cell age often correlates 
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with decreasing cell size makes it necessary to assess the metabolic age of 
the red cells in different size populations obtained after fractionation. 
Various studies have been done in this respect both in normal and abnormal 
red cells (Mosca etal. 1991; Jansen etal. 1986; Rennie etal. 1979; Cohen 
et al. 1976). Red cell creatine was used as an independent marker of cell 
age in this study and the reasons for this will be discussed later (section 2， 
chapter 6.4). 
6.1.3 Pilot study: Percoll density gradient versus CCE 
At the onset of the study, both the Gountercurrent elutriation 
.1 
‘ 
technique and Percoll density gradient methods were considered for use. 
Theoretically, CCE appears to be a be a better separation method as it 
separates both on the basis of red cell size and density. A pilot study was 
therefore carried out to compare the two methods before deciding which one 
to use for the maln study. In addition to separating the red cells using both 
Percoll and CCE, assessment of haematological parameters，red cell 
creatine and degree of red cell viability in the fractions obtained with both 
methods was carried cfut. The ease of use, red cell yield, cell viability and 
j 
ability to maintain sterility were also important considerations. 
6-2 MATERIALS AND METHODS 
All chemicals used in this project (both pilot and study proper) were 




I Double distilled water was used to prepare all chemicals and reagents 
！ 
except where otherwise specified. 
j 
6.2.1 Sample collection 
I Samples were collected from three normal donors (in acid citrate 
1 
j dextrose), and used within 48hr of collection. Protocol for both the pilot and 
i i 
. 1 
j main study was approved by the Clinical Research Ethics Committee of the 










6.2.2 Counter current elutriation method 
i i 
Preparation of red cells: 
j ,} 
I 
I The RBC were washed three times in buffered saline with glucose. 
1 
Composition of the buffered saline was NaCI (142mM), Na2HPO4 (8.2mM), 
I :.! 
KH2PO4 (2mM) and glucose (5mM), pH 7.4. Five millilitres of red cell 







This was carried out using a Beckman centrifuge with a JE6 
elutriation rotor and a standard separation chamber. Buffered saline 
(prepared as described above) was first run through the system to clean and 
remove air bubbles. The blood sample was slowly injected into the 




commencement of collection. All separations were carried out in buffered 
saline at 20°C with a flow rate of 25ml/min and starting rotor speed of 
3,000rpm (van der Vegt et al. 1985; Thompson et al. 1984). One hundred 
millilitres of eluted sample was collected at each rotor speed. After each 
collection of 100ml, rotor speed was decreased by 200rpm and another 
collection made. Final collection was at 600rpm. 
6.2.3 Percoll density gradient method 
Red cells collected in acid citrate dextrose were separated using the 
Percoll density gradient as described by Rennie and co-workers (Rennie et 
al. 1979) with a few modifications. Stock solutions of bovine serum albumin 
(5.263% w/v) in water, and bovine serum albumin (5.263% w/v) in Percoll 
were prepared 48hr before use and stored at 4®C. Just before use both stock 
solutions were brought to room temperature and made isotonic using a 
HEPES (N-2-hydroxyethylpiperazine-N-1-ethane-sulfonate) buffered saline 
of (mol/l) NaCI (2.66)，KCI (0.09) and HEPES (0.2) at pH 7.4. This was 
achieved by the addition of one volume of buffer to nineteen volumes of 
j 
each stock solution. THre final concentration of bovine serum albumin in both 
I stock solutions after this was 5% (w/v). The two solutions were mixed to form 
j 
,! 
I nine Percoll concentrations of 80%, 73%, 71%, 67%, 64%, 61%, 55%, 52% :i 
and 40% (v/v) (specific density range of 1.096-1.060) (Bosch et a/. 1992; 
Mosca et al. 1991; Rennie et al. 1979). Specific density was verified by 
measurement and by use of density marker beads. Density gradients were 




and 5ml of washed blood at 50% haematocrit was added at the top. Tubes 
were centrifuged at 25,000g for 15min at 20。C on a J18 rotor using a J2MC 
centrifuge (Beckmann) (Bosch et al. 1992). After centrifugation distinct 
separation bands were visible and eight to nine fractions were collected by 
careful aspirations. The fractions were washed three times using phosphate-
buffered saline. 
6.2.4 Assessment of erythrocyte age by red cell creatine assays 
To assess the metabolic age of cells in the fractionated and whole 
blood samples red cell creatine assays were carried out. The samples were 
maintained at a minimum haematocrit of 10% and stored at -20。C. Assays 
were carried out within one month of storage using the diacetyl-a-naphthol 
reaction method (Arumanayagann et aL 1994; U et aL 1982). All assays were 
done in duplicate using the Cobas-Bio Centrifugal analyser (Roche 
Diagnostica, Basle, Switzerland). 
Before assays were done the following reagents were prepared: 
Reagent 1: Ba(OH)2 47.3g/l 
Reagent 2: ZnSO4.7H2O 50g/l 
Reagent 3: Na2CO3 160g in 1litre of1.5mol/l NaOH 
Reagent 4: a-Naphthol 8g/l. 64mg of a-Naphthol in 8ml of reagent 3 
Reagent 5: Diacetyl 1ml/l. 
Reagent 6: Diacetyl>a-Naphthol working solution. 8ml of reagent 4, 
1 ml of reagent 5 plus 5ml of double distilled water. Prepared just before use. 
Stable for 4hr at room temperature. 
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Anhydrous creatine: Heated at 100°C for 3hr to dry. 
Stock standard: Anhydrous creatine (10mg/1 OOml) 
Standard 1: 5mg/l 
Standard 2: 10mg/l 
Standard 3: 20mg/l 
The cells were brought to room temperature just before being 
assayed. To 0.1ml of red blood cells 0.7ml of double distilled water was 
added, mixed well and allowed to stand for 2min. Then 0.1ml of reagent 1 
was added. After this 0.1ml of reagent 2 was added to the mixture slowly 
with constant swirling. The contents were then vortex mixed and allowed to 
stand for 2min after which they were centrifuged for 3min at high speed in a 
Microcentaur centrifuge (MSE). The supernatant was then collected and 
transferred to the Cobas-Bios tubes for creatine assays in the Cobas-Bios 
analyser All assays were done in duplicates. Red cell creatine 
concentration was calculated by dividing the Cobas result by the 
haematocrit and expressed in mg/dl of cells. 
6.2.5 Measurement 6fred cell haematological parameters 
Samples were taken from the fractions and from whole blood samples 
for measurement of haemoglobin concentration (Hb), mean cell volume 
(MCV), haematocrit, mean corpuscular haemoglobin (MCH), mean 
corpuscular haemoglobin concentration (MCHC) and red cell distribution 
width (RDW) using the Coulter haematology analyser (Model J5). 
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6.2.6 Assessment of cell viability using trypan blue 
TYypan blue was added to a sample of blood from each fraction. A 
drop of the treated cells was put on the haemocytometer and number of non-
viable cells that had taken up the blue stain was determined. 
6.3 RESULTS 
6.3.1 Cell distribution in a typical CCE separation 
Following CCE, 13 fractions were obtained. Figure 6.1 shows the cell 
• 
distribution in the 13 fractions in a typical separation run. Only 6 of these 13 
fractions had enough red cells for further practical use in the study. 
Measurement of haematological parameters, red cell creatine assays as well 
as cell viability assessments were carried out on these 6 fractions and 
compared to fractions obtained by Percoll separation. 
6.3.2 Comparison of the Percoll density gradient and CCE methods 
Table 6.1 shows a comparison of parameters measured in fractions 
obtained by Percoll d^]sity gradient method and CCE (data in parenthesis 
represent measurements in Percoll separated samples). Measurements in 
fractions obtained from both separation methods were comparable except 
for red cell count. As indicated earlier under materials and methods, the 
number of red cells that could be processed at a given separation run was 
much lower with the CCE. This is reflected in the lower red cell count in the 
fractions obtained by CCE. Both methods demonstrated a fall in red cell 
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瞧 ： 释 size with increasing age. Red cell viability was also good in both methods. 
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Figure 6.1 
Cell distribution in fractions obtained following ceiI separation using 
态' 
the counter current elutriation technique, 
n =3. 
Fractions 1-7 had less than 10® cells which was not enough for further 
practical use. Fractions 8-13 were therefore used in the subsequent 






























































































































































































































































































































































































































































































































































































































































Percoll density gradient versus CCE: 
The pilot study showed that the changes in cell size and age in both 
the Percoll density gradient and CCE methods are comparable. In addition, 
cell viability was not adversely affected in either method. However, with 
Percoll separation a larger concentration of erythrocytes can be processed 
at a given time with more cells obtained in each fraction compared to CCE. 
In a study of this nature, where the cells would ultimately be used for 
cultures as well as for other biochemical tests this increased cell yield is a 
definite plus in favour of using the Percoll density gradient method. 
Percoll is readily available in a sterile state and easy to use, with 
centhfugation being done using the normal laboratory centrifuge. This is 
unlike the countercurrent elutriation which requires special and more 
expensive adaptations to the centrifuge such as the special elutriation 
chamber. Also with the use of Percoll the length of centrifugation is shorter 
and the gradient density can also be easily varied. This could be particularly 
important when one |^ separating pathological red cells which may be 
denser than normal cells or have abnormal shape and flexibility. 
Furthermore, there were logistic and practical problems with the use of the 
counter current eluthator Each separation run takes about three hours and 
it would have been necessary to do two to three runs per sample to obtain 
sufficient red cells for further use in the study. In terms of manpower and 
accessibility to the eluthator, CCE was not a feasible option for the main 
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study. 
Theoretically CCE is a better separation method, however this has 
not been proven conclusively (Jansen et al. 1986; Thompson et al. 1984) 
and the results from this pilot study are not suggestive of any significant 
advantage with this method. It has been suggested that a combination of 
both methods would yield better red cell fractionation. Studies done using a 
combination of both methods (Bosch et al. 1992; Jansen et al. 1986) have 
however shown that such better separation of erythrocyte is obtainable only 
I in the lower fraction. In addition, combination of both methods may not 
！ always be practical, especially because of the low red cell yield in fractions 
I obtained. Therefore on the basis of our results and practicalities, the Percoll 
density gradient separation method was chosen for use in the study proper. 
Further discussion on the validity of this method will be presented in the next 
sj chapter (section 2，chapter 7.4). 
Use of RBC creatine as an age marker: 
',i 
Red cell creatine used in this study has been established as a 
• .:1 . I :->i 
reliable red cell age marker. It is especially attractive as a measure of cell 
孜 
age because it fulfils certain criteria. Firstly, it is not synthesised in mature 
...I 
red cells or reticulocytes and not metabolised within the circulating red cell. 
Secondly, its decline occurs over the entire life span of the red cell and 
thirdly it shows a good concentration gradient between the youngest and 
oldest red cells (Griffiths & Fitzpatrick, 1967). A number of red cell enzymes 
such as glucoses-phosphate dehydrogenase, hexokinase, pyruvate kinase, 
glutamate-oxaIoacetate and pyrimidine-5'-nucleotidase (P5'N) have been 
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I 
used as age markers (Thompson et al. 1984; Cohen et al. 1976; Corash et 
al. 1974; Piomelli et aL 1967) as they are said to be age dependent. 
However it has been shown for all but one enzyme (P5'N), the decrease in 
enzyme activity is associated with reticulocyte maturation rather than mature 
red cell ageing (Zimran etal. 1988; Beutler & Hartman, 1985). Instability on 
storage, low sensitivity to changes in cell age, contamination from other 
blood cells (white blood cells and platelets) (Beutler et al. 1977a; Beutler, 
1975) are inherent drawbacks in the use of some of these enzymes. The 
absence of these drawbacks further makes creatine a more useful age 
marker. 
The function of creatine in the red cell, as well as how and when it is 
acquired, are unknown. It has been suggested that it is taken up by 
immature erythrocyte precursors and may play a role in supplying the 
energy requirements for protein synthesis. Initially observed to be high in 
clinical cases of anaemia and active erythropoiesis (Griffiths & Fitzpatrick, 
1967), it was subsequently shown to decrease with increasing density and 
:| 
:l decreasing cell size in density fractionated red cells (Syllm-Rapoport et aL 
1981). The almost lindar decline of red cell creatine with cell age (Fehr & 
j Knob, 1979), and the high concentration gradient between young 3nd old 
erythrocytes (Griffiths & Fitzpatrick, 1967) is possibly due to the decrease in 、 
] its active transport into the cell. Creatine is also found in abundance within 
I 
1 
the muscle cells where it plays a fundamental role as a reservoir of high 
I 
energy phosphate through the generation of phosphoglycerate. Studies 




process with high affinity and an exchange diffusion (Ku et a/, 1980; Syllm-
Rappaport et a/, 1980) It is possible that the transport of creatine into the 
I red cell occurs during passage through the capillaries in the muscle. Decline 
of many of the erythrocyte transmembrane proteins occcurs with ageing and 
would probably result in altered transport of creatine into the red cell (Ku & 
Passow, 1980). This could explain the decline in red cell creatine seen with 
h 





I Both Percoll density gradient and CCE methods are comparable for 
‘-..1 
j 
cell fractionation. However, the Percoll density gradient method offers the 
advantage of enabling the separation of a larger volume of red cells with 
. 
.I 
I higher cell yield per fraction. In addition, the logistical and practical 
problems associated with the CCE method has favoured the use of the 
！ 
Percoll density gradient method of cell separation for the study proper. In the 
main study, this method wHI be used to separate both normal and 
丨 thalassaemic red cells to obtain fractions for use in investigating the 
! 叙 
I 






PERCOLL SEPARATION OF THALASSAEMIC RBC 
7.1 INTRODUCTION 
j Percoll density gradients fractionation of normal RBC has confirmed 
I the decrease in cell size and increase in density associated with erythrocyte 
ageing (Mosca et aL 1991; Jansen et a/. 1986; Rennie et al. 1979). 
However, the alteration in density, size, shape and flexibility associated with 
I thalassaemic RBC might limit the ability of Percoll gradients to separate 
! | 
H them into age/size related cohorts. The presence of anisocytosis also raises 
. 
:i the question as to whether the uniform decrease in cell size and increase in 
1 
density with ageing seen in normal erythrocytes would occur in thalassaemic 
RBC. 
Furthermore, it has been shown that the anaemia in the mild 
；] 
thalassaemic conditions is mainly due to ineffective erythropoiesis as 
. 1 
erythrocyte life span was found to be essentially normal (Pippard & 
Wainscoat, 1987). hTbwever, reduced erythrocyte life span has been 
.:丨 ‘ 
demonstrated in the more severe forms of thalassaemia suggesting that in 
this situation there wHI be a younger mean cell age (Cazzola et al. 1979). 
Ineffective erythropoiesis and changes in mean cell age might also influence 
the characteristics of red cells obtained in different fractions. 
In this chapter, the results obtained using Percoll density gradient to 









7.2 MATERIALS AND METHODS 
7.2.1 Sample collection 
•i 
Blood samples were collected from volunteers with a and p 
thalassaemia trait, HbH and normal healthy controls. The a and p 
thalassaemic trait volunteers were asymptomatic and some were first degree 
relatives of patients with HbH and p thalassaemia major respectively. Details 
of confirmation of diagnosis of thalassaemia will be shown and discussed in 
sections 9.2.3, 9.3 and 9.4. None of the subjects had been transfused 
within 12weeks preceding blood collection. The presence of factors such as 
infections which could result in the aggravation of haemolysis in HbH were 
excluded. None of the subjects had had a splenectomy. Samples were 
collected in acid citrate dextrose and used within 48hr of collection. This 
criteria for sample collection was maintained throughout the study. 
7.2.2 Cell separation, creatine assays and measurement of 
haematological parameters 
Cell separation using the Percoll density gradient method, red cell 
creatine assays and measurement of haematological parameters were also 
carried out as described in chapter 6.2.3 to 6.2.5. 
7.2.3 Reticulocyte count 
The new methylene blue stain was used for reticulocyte staining. 




I Smears were then made and examined by light microscopy under oil 
I immersion. Reticulocytes were identified as cells with stained granules or 
S • 
•丨 reticulum (representing residual RNA). 
'i 
1 
j 7.2.4 Statistics 
;::1 
i Statistical analysis was done using one way ANOVA and Pearson's 
Product moment correlation. 
7.3 RESULTS 
7.3.1 Baseline parameters of the subjects studied 
Blood was collected from 11 normal subjects, 8 a thalassaemic trait, 
* 11 p thalassaemic trait and 8 HbH subjects. Table 7.1 shows the baseline 
haematological parameters and creatine values for the whole blood samples 
of each group. The low Hb level in the a thalassaemic trait group is probably 
because most of the subjects were female (none was known to be pregnant). 
7.3.2 Reticulocyte counts 
The top-most fractions designated as fraction 0 were discarded 
because of low cell yield and contamination with reticulocytes (more than 
1:1,000). Other fractions had minimal reticulocyte contamination (less than 
1:10,000 reticulocytes). The second top fraction was designated as fraction 
one. Seven fractions were obtained from the control and thalassaemic trait 











Baseline haematological parameters and creatine values in 
whole blood samples of normal and thalassaemic groups 
!•.? 
丨： 
I Data represent mean ± SD 
4 
i • "" 




n=11 n=11 n=11 n=8 
I .1 
RCC(x10i2/L) 5.1 +0.4 4.7 +0.6 5.0 +0.6 3.9 +0.7* 
• I • 
MCV(fl) 90.8 ±2.8 69.4±5.9*** 63.7±3.1*** 64.6±8.1*** 
Hb (g/dl) 13.0±2.3 10.2±1.6 11.6 ±2.6 8.6 ±1.2* 
MCHC (g/dl) 33.3 ±0.6 33.2 ±2.1 32.1 ±1.6 ** 29.4 ±1.5 *** 
MCH (pg) 30.3±1.6 23.3 ±3.5 * 20.5±1.6*** 20.3±3.5*** 
HcT 0.37+0.04 0.32 +0.02 0.34 +0.02 0.28 +0.03* 
RDW (%) 13.2 ±0.5 14.1 ±0.8 * 15.4 ±1.2 嫩 22.5 ±1.9 *** 
Reticulocyte (%) 0.5 +0.3 1.0+0.3 0.8 +0.3 3.5+2.0*** 
WBC (109/L) 6.5 +1.5 6.8 +2.0 6.6 +2.2 6.0 +1.3 
Creatine (mg/dl) 7.1 ±2.0 7.6 ±3.2 5.8±1.0 17.1±5.8* 
RBC morphology Normal Microcytic Microcytic Microcytic 
Hypochromic Hypochromic Hypochromic 
Inclusion bodies Inclusion bodies 
(scanty/nil) (++/+++) 
HbF 一 - <1% <1% <1% 
Other abnormal Hb Nil Nil Nil Nil 
Thal •• Thalassaemia 







7.3.3 Changesinmean cellvolume 
;i 
i 
.j From top to bottom of the density gradient there was a fall in the 
: i .••! 
I mean cell volume in all red cell types (Figure 7.1). The lowest mean cell 
• . . ( 
..-i . 
volume was seen in the HbH group and the normal controls had the highest 
I 
values. The difference in cell size between the top and the bottom fractions 
..1 
was statistically significant (p<0.05) within all groups. When the MCV of the 
] 
1 different fractions in the controls were compared with equivalent fractions in 、i 
the thalassaemic groups there was also a significant difference (p<0.001). 
Furthermore, the MCV of the smallest (oldest) normal RBC was significantly 
higher compared to the biggest (youngest) thalassaemic RBC (a and p 
thalassaemic trait and HbH), p<0.01. 
7.3.4 Changes in mean corpuscular haemoglobin concentration 
(MCHC) 
Moving from top to bottom of the gradient the MCHC showed a 
tendency to increase. The HbH group generally had lower MCHC values as 
well as a higher range when compared to others (Figure 7.2). 
7.3.5 Changes in mean corpuscular haemoglobin (MCH) 
MCH change between fractions did not follow any consistent trend, 
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Figure 7.1 
Size distribution in Percoll fractionated RBC. 
The mean cell volume (MCV) in the fractions were compared. 
i. Within groups (i.e normal a and p thalassaemic trait and HbH): 
Significant difference in MCV between top and bottom fractions in 
all four groups (p< 0.05). 
ii. Between groups (normal versus thalassaemic RBC): 
Significantly higher MCV in normal RBC compared to fraction 
matched thalassaemic RBC. Also, the MCV of the smallest normal RBC 
(fraction 7)，was significantly higher compared to the MCV of the biggest 
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Figure 7.2 
Mean corpuscular haemoglobin concentration (MCHC) in the Percoll separated 
RBC fractions was assessed. In ail the four red cell types (normal, a and p 
thalassaemic trait and HbH), there was a trend of increase in MCHC with 








Mean corpuscular haemoglobin (MCH) values in 
fractions of Percoll separated red blood cells 
Data represent mean ± SD 
MCH (pg) 
FRACTION NORMAL a. THAL TRAIT P THAL TRAIT 
0=11 0=8 0=11 
1 30.0 ±4.2 24.2 ±3.6 24.3 ±4.5 
2 30.2 ±1.5 22.6 ±2.1 21.1±1.5 
3 30.3 ±1.1 23.5 ±2. 20.2 ±2.2 
4 31.4 ±1.6 22.2 ±2.4 20.3 ±1.8 
5 30.7 ±O.7 21.7 ±5.6 20.1 ±1.5 
6 30.6 ±O.8 25.4 ±6.8 19.8 ±1.5 
7 30.0 ±0.6 25.9 ±6.8 20.2 ±3.2 










.Statistical analysis was done using one way ANOVA. MCH values for 
fractionated normal RBC were significantly higher . compared to fraction 
equivalent thalassaemic RBC (p< 0.05). 
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7.3.6 Changes in red cell creatine 
Creatine levels were found to fall from top to bottom of the density 
gradient in both the normal and thalassaemic cells (Figure 7.3 ). However, 
fractions of HbH red cells had higher creatine levels and this reflects the 
higher creatine levels seen in HbH whole blood. 
7.3.7 Correlation between cell size and age 
The MCV and creatine were found to be significantly correlated in 
normal RBC {r = 0.8，p<0.05). Similar significant correlation was also seen in 
all the thalassaemic groups (r = 0.9，p<0.01). 
7.3.8 Red cell count in the different fractions 
The HbH group had more erythrocytes in the lighter younger fractions 
compared to the normal and thalassaemic trait RBC (Figure 7.4). This 
further supports the results of the red cell creatine which suggests a younger 
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Figure 7.3 
RBC creatine was used as an index of cell age. With increasing 
density (from fraction 1 to fraction 8)，there was a corresponding 
decrease in RBC creatine in both normal and thalassaemic RBC. 
A trend of higher creatine levels was observed in HbH RBC 
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Figure 7.4 & 
Red cell distribution in fractions of normal and thalassaemic RBC obtained 
post Percoll separation. Distribution is expressed as a percentage of the cell 
count in the unfractionated whole blood. The HbH group had more cells in the 
upper fractions, which is in keeping with a younger mean ceil age. 
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7.4 DISCUSSION 
Percoll density gradient method has been used to successfully 
separate thalassaemic red cells into age/size fractions. In addition, red 
j creatine has also been demonstrated as a good marker of cell age in these 
？ variant cells. 
^ 
' I -
I Validity of the Percoll density gradient method: 
i 
The Percoll density gradient method has been successfully used in 
many studies to obtain age/size related cohorts of RBC and the findings 
here are in keeping with reported work (Lutz et al. 1992; Mosca et al. 1991; 
Rennie et al. 1979). However, this method has been criticised as some 
reports (Luthra et al. 1979) and reviews (Beutler, 1988; Clark & Shohet, 
1985) have questioned the uniform increase in density with cell age and 
thus the correlation between erythrocyte density and age. This casts doubt 
r ‘ 
on the use of density gradient methods for obtaining age/size related 
cohorts of erythrocytes. This becomes especially pertinent when separating 
pathological red cells (such as thalassaemic RBCs) with altered densities, 
shapes and flexibility^The arguments against a correlation came from cohort 
labelling experiments in human and animal models (Glass et al. 1983; 
Luthra et aL 1979; Rahman et al. 1973). These models are however not 
卜. 
perfect as findings from animal models cannot always be translated to 
humans and labelling experiments may be influenced by the type of 
radioactive label used. Indeed, it has been said that it is difficult to obtain 
； ideal cohort labelling with ^Ve in humans as the label might be incorporated 






over a period of days (Eadie & Brown，1958). However, with the use of ^^C-
glycine label (which incorporates better), red cell separation on a density 
gradient revealed a good correlation between density and age (Piomelli et 
a/. 1967). In addition, re-infusion of low and high density erythrocytes 
labelled with ®^ Cr or ^Ve has also demonstrated that the high density cells 
had reduced survival times in vivo (Piomelli et aL 1967). Although some 
contamination with young cells cannot be completely ruled out in separated 
fractions, older and smaller erythrocytes are obtained with increasing 
density. Two methods considered to yield pure age cohorts are the 
differential agglutination method and sampling of blood from polycythaemic 
subjects (Beutler, 1988; Mueller et al. 1987; Walker et al. 1984; Allison & 
Burn, 1955). These are in vivo methods. The differential agglutination 
method involves red cell transfusion and the second method requires the 
experimental induction of polycythaemia. These invasive procedures may 
not always be feasible in human experiments. 
However, the results in this study show that Percoll density gradients 
reasonably separated these pathologic erythrocytes into age/size related 
fractions as determined by RBC creatine and mean cell volume. 
RBC creatine: 
Assessment of erythrocyte age in fractionated samples was carried 
out using RBC creatine. The reasons for using red cell creatine have been 
discussed earlier (section 2，chapter 6.4). No other marker of cell age has 
been utilised in this study as creatine has been demonstrated as a reliable 
age marker in both normal and pathological RBC (Smith et aL 1982; Fehr & 
75 
Knob, 1979). The findings show an age related decline in RBC creatine 
demonstrating that it is also an effective age marker in thalassaemic 
erythrocytes. Thus, ineffective erythropoiesis and the thalassaemia 
phenotype appear not to affect transport of creatine into the cell or its age-
dependent decline. 
Creatine levels are found to be high in conditions with increased 
erythropoiesis in keeping with the degree of erythropoietic response (Syllm-
Rapoport et aL 1981; Fehr & Knob， 1979). The anaemia in the 
thalassaemias is to a large extent due to ineffective erythropoiesis (Pippard 
& Wainscoat, 1987). However with increased severity, reduced erythrocyte 
life span with haemolysis further worsens the anaemia (Cazzola et al. 1979). 
In asymptomatic heterozygous thalassaemia, red cell life span has been 
shown to be unimpaired though there is a degree of ineffective 
erythropoiesis (Pippard & Wainscoat, 1987). The creatine levels seen in the 
milder a and p thalassaemic traits (whole blood and fractionated samples) 
are similar to those in normal. This is in contrast to the more severe 
thalassaemia (HbH). All the HbH volunteers were anaemic and five showed 
evidence suggestive of ongoing haemolysis (elevated reticulocyte count or 
raised bilirubin concentrations). Increased erythropoietic stimulation with a 
I higher population of young erythrocytes is expected as a result of the 
haemolytic process. Higher creatine levels seen in HbH (both in whole blood 





RBC alterations associated with ageing: 
In normal erythrocytes, the changes in cell size and density that 
accompany ageing is reflected in the decrease in MCV, increase in MCHC 
and unchanged MCH levels seen with increasing RBC age. Changes in cell 
size and haemoglobin concentration with age seen in thalassaemic RBC 
mirror those seen in normal control erythrocytes. The strong correlation 
between MCV and creatine levels further demonstrates the decrease in red 
cell size that accompanies ageing. These results suggest that these age-
related changes are unaffected in thalassaemia. Within the nine density 
gradients used for all red ceil types, the HbH group yielded eight fractions 
compared to seven for the others. This suggests an increased diversity in 
cell size and density in HbH disease. This is in keeping with the increased 
anisocytosis (higher RDW) and wider density variation (MCHC range; see 
Figure 7.2) demonstrable in this group and might be responsible for the 
extra fraction obtained. 
7.5 SUMMARY 
The findings in this chapter have demonstrated that Percoll is an 
effective separating medium for thalassaemic erythrocytes despite the 
marked physical anomalies of these cells. It is an easy method for use in 
further studies of the various aspects related to the ageing mechanism in 
i !>' 
t this group of pathologic red cells. Furthermore, red cell creatine has been 
f 
I shown to be a good marker of red cell age not only in normal but 
; ' : i 
；',i :H 
thalassaemic erythrocytes as well. In addition, RBC creatine levels in both 
77 
J “ 
fractionated and whole blood thalassaemic samples support the evidence 
that in the asymptomatic thalassaemic trait group the anaemia is most 

















INHBrnON OF R FALCIPARUM 
ACTIVITY IN THALASSAEMIC RBC 
i I ."i 
.,j 
CHAPTER 8 { j 
IN VITRO CULTURE OF R FALCIPARUM I 
\ • 
With the establishment of the fractionation method (section 2)’ this 
next phase of the study involved experiments aimed at assessing malaria 
parasite activity in both fractionated and whole blood samples in vitro. 
Therefore, malaria parasites were maintained in continuous culture and 
！ harvested for use in these experiments. In the first chapter of this section, 
the in vitro cultivation of P. falciparum as well as methods of assessing 
parasite growth will be described. The findings of the experiments involving 
the parasite activity in thalassaemic RBC will be presented in the second 
chapter. 
汝 




8.1.1 In vitro cultivation 
I 
The technique for the in vitro cultivation of Plasmodium falciparum 
was established by Trager and Jensen (1976). At present only the 
erythrocytic stage of the parasite has been successfully cultured on a long 




was originally developed for culturing leukocytes (Moore et al. 1967). 
However, for this medium to support parasite growth it must be 
supplemented with human serum. The parasite must also be grown in an 
1 
atmosphere of low oxygen concentration as it is sensitive to high oxygen 
tension (Allison & Eugui, 1982; Scheibel etal. 1979) and the most commonly 
used gaseous mixture is 5% oxygen, 5% carbon dioxide and 90% nitrogen. 
I .1 
With long term continuous culture, the synchronisation of parasite growth 
•1 
I tends to be lost after several cycles. Therefore, regular stage 
.1 
.1 
synchronisation needs to be carried out to ensure that parasites used for 
experiments are all at the same stage of growth. 
8.1.2 Assessment of parasitaemia 
Identification of the parasite as well as the determination of the level 
of parasitaemia and the stage of growth also need to be carried out. Slide 
microscopy is a well tested and reliable method of achieving this. Thin and 
thick blood smears can be made and stained with a variety of stains of which 
the giemsa stain is the most widely used. Thick blood smears are very useful 
for rapid identificatidfi and counts. With the thin smear the morphological 
features of the parasite at each stage of development can be seen in detail. 
More accurate parasite counts are obtainable from thin blood smears. 
Recently flow cytometry has been applied in malaria research. This 
technology can be used to determine the level of parasitaemia and stage of 
parasite growth (Pattanapanyasat etal. 1992; MakIer et al. 1987; Franklin et 




parasite DNA using nucleic acid binding fluorochromes. The samples are 
then passed through the flow cytometer which is capable of measuring the 
i degree of fluorescence intensity. The higher the stage of parasite 
maturation, the higher the DNA content, and hence the greater the degree 
of fluorescence intensity seen. It also has the advantages of requiring 
minute amount of the sample, rapidity and ability to detect low parasitaemia 
that would otherwise be missed by the microscopist. In addition, it is an 
丨.1 
excellent research tool as various red cell antigens can be stained 3nd 
studied simultaneously (Pattanapanyasat et al. 1993). 
I 1 
Although the slide microscopy method remains the gold standard, in 
. I 
• .i 
assessing parasitaemia, observer errors are liable to occur especially when 
large numbers of thin smears have to be examined The flow cytometry 
method can be used as an objective adjunct for cross-checking parasite 
counts. 
8.2 MATERIALS AND METHODS 
8.2.1 Parasite culture 
•i 
i vii^  
The chloroquine sensitive FC27 strain of Plasmodium falciparum was 
,:j ‘ 
maintained in continuous culture using the method of Trager and Jensen 
(1976). The O*^® human red blood cells used were collected in acid citrate 
dextrose. The culture medium used was RPMI 1640 with 25mM HEPES, 2g/l 
sodium bicarbonate (NaHC03), pH 7.4 and supplemented with 10% 0+v® 
human serum. To minimise the risk of bacterial contamination 25pg/ml of 
gentamycin was added to the culture medium. This antibiotic has been 
81 
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shown not affect malarial parasite growth. The culture medium was sterilised 
by filtration through a 0.22pm filter. Cultures were commenced at 0.5-1% 
parasitaemia and 4% haematocht (Hct) and maintained in a gaseous 
atmosphere of 5% oxygen, 5% carbon dioxide and 90% nitrogen. Daily 
change of culture medium was carried out. 
8.2.2 Ring stage synchronisation 
Parasites were regularly stage synchronised at the ring stage by 
sorbitol lysis (Lambros & Vanderberg’ 1979). Ring stage parasites were 
brought to 50% Hct after centrifugation at 400g for 10min. Five volumes of 
50/0 D-sorbitol was added to one volume of the culture material and allowed 
to stand for 5min. Thereafter the cells were washed three times in culture 
medium. The parasites were then returned into culture and fresh red cells 
added to adjust to 4% Hct and desired level of parasitaemia. 
8.2.3 Schizont concentration 
To obtain schizont stage parasites (used as innoculum for further 
公 
experiments) the parasites were first synchronised at the nng stage by 
sorbitol lysis as described above. After 24hr, when they were in the schizont 
stage, the schizonts were separated and concentrated using the Percoll 
gradient method (Rivadeneira et al. 1983). Nine volumes of Percoll was 
I added to one volume of a HEPES buffered saline to make a 90% Percoll 
solution. The HEPES buffered saline was made up of 1.6mol/l NaCI and 
0.2mol/l HEPES at pH 7.4. One volume of the culture material at 50% Hct 
82 
was layered on nine volumes of 90% Percoll and centrifuged at 26,000g on 
a J20 rotor (J2MC centrifuge, Beckmann) for 30min at 4。C. After 
centrifugation the top, middle and bottom layers were collected and washed 
three times with culture medium at 400g for 5min. The top fraction containing 
mature schizonts at high concentration (80-90%) was used as the innoculum 
! 
I for the actual experiments. 
i i! i; 
i 
I 
8.2,4 Methods of parasite identification |i s [i 
I； To identify the stage and degree of parasite growth in culture, paired 
i: 
thin blood smears were made for slide microscopy and flow cytometric 
I. 
；., 






j| Samples were taken from the cultures and used to prepare thin blood 
|i 
II smears. The dried smears were fixed using absolute methanol and stained 
i: 
with 10% giemsa stain for 10min. The giemsa was then washed off gently 丨： ii 
丨 and the slides air dried. Parasitaemia was determined by counting the 
li 
ii , 
j number of parasites per thousand red cells under oil immersion (x100). Total 
I parasitaemia as well as the number of parasites in each stage of growth was 
determined. During this process, the morphological state of the parasites 
were documented. 
Flow cytometric analysis: 
The method described by Pattanapanyasat and co-workers (1992) 
(personal communication Pattanapanyasat K.) was used. About two million 
83 
i red cells from the culture were fixed using 0.5ml of 0.25% glutaraldehyde at 
4。C for 1hr. After this the cells were washed with phosphate buffered saline 
at 400g for 5min. They were then stained using 2ml propidium iodide at a 
final concentration of 10Mg/ml phosphate buffered saline for 1-2hr in the 
dark. The FacScan fiow cytometer (Becton Dickinson, Mountain View Ca) 
was used to analyse the parasite DNA content. The cells were excited with 
488nm light from the single 5W argon ion laser at a power output of 200mW. 
Logarithmic green fluorescence was observed through a 580nm band pass 
|
filter. The same instrument setting was maintained throughout the study. 
Unstained, stained and mixed fluorescein isothiocyanate (FITC) and 
phycoerythrin beads (Becton Dickinson, Mountain View Ca) were used to 
I calibrate the instrument fluorescence, compensation and sensitivity. For 
each stained sampled 30,000 events were acquired for analysis at the rate 
of 200"400 cells per second. The Lysis 2 software (Becton Dickinson, 
I Mountain View Ca) was used for analysis. The fluorescence intensity was 
determined after logarithmic light scatter gating on the red cell population. 
The percentage of infected red cells and the stage of parasite growth was 
obtained from histogram analysis. 
8.3 RESULTS 
8.3.1 Establishment of continuous culture 
J Figure 8.1 shows the culture set-up in use in our laboratory. Figures 8.2 and 
8.3 show the ring and schizont stage P. falciparum parasites respectively in 
i 




a 9 L J ^ 
汝 
Figure 8.1 
The set-up for the continuous culture of P. falciparum. Cultures are 
maintained in tissue culture flasks in a gaseous atmosphere of 5% O2, 5% 
CO2, 9 0 % N2, with daily change of culture medium. 
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p. falciparum : Ring stage parasites from continuous culture 
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8.3.2 Comparison of methods of parasite identification 
Slide microscopy vs. Flow cytometry: 
Figure 8.4 shows a typical computer print out of the histogram 
analysis using the Lysis 2 software. 
Parasitaemia as assessed by slide microscopy and flow cytometry 
were found to be comparable (Figure 8.5). There was good correlation 
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Figure 8.4 汝 
Computer print out of histogram analysis of FL2 from the flow cytometer 
using the Lysis 2 software. DNA staining was done using Propidium lodide 
and fluorescence intensity assessed by flow cytometry. Histogram shows 
cell counts (y-axis) against fluorescence intensity (FL2), indicating DNA 
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Parasite growth was monitored both by slide microscopy and flow 
cytometry. Parasitaemia as determined by both methods showed 
good correlation. This indicates the reliability of the flow cytometric 
method as an objective adjunct to the slide microscopy method. 
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8.4 DISCUSSION 
The in vitro method of cultivation of the malaria parasite has enabled 
deeper research into the nature of the malaria parasites and its interactions 
with the host red cell. It is possible to manipulate the culture environment as 
well as the host red cell in order to study the various responses of the 
parasite. With this technique, advances have been made in understanding 
and developing new strategies for dealing with the malaria parasite. With 
this set-up, the interaction of the thalassaemic erythrocyte and the malaria 
parasite will be examined closely. In addition, the set-up will be manipulated 
using various agents to study the effects of oxidative stress in the protective 
mechanism. 
To monitor parasite growth and activity, both slide microscopy and 
flow cytometry methods will be applied. The finding of a good correlation 
between these methods are in keeping with those of other workers. 
(Pattanapanyasat et al. 1993; Pattanapanyasat et aL 1992). Therefore, in 
the course of this study, flow cytometric assessments of parasite activity will 
be carried out as an adjunct to slide microscopy to ensure that correct 
parasite counts are 6fetained. In addition to determining parasite counts, the 
morphological characteristics of the parasites will also be closely assessed 
by slide microscopy. 
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CHAPTER 9 
PARASITE GROWTH IN THALASSAEMIC RBC 
9.1 INTRODUCTION 
As discussed earlier, attempts to demonstrate the protective effect of 
thalassaemic trait red cells against malaria in vitro has produced conflicting 
results. In addition, the mechanisms involved are yet to be clearly defined. 
The impairment of parasite growth in vitro and increased susceptibility to 
phagocytosis demonstrated in the more severe thalassaemic disease are yet 
to be shown conclusively in the milder thalassaemic trait (Yuthavong et al. 
1988). This is rather surprising as it is expected that the relative advantage 
necessary to generate a selective pressure (resulting in a balanced 
polymorphism) would operate in these mild forms of thalassaemic disease. 
Why this has been difficult to prove in vitro therefore remains unclear. 
Microcytosis has been postulated as a possible mechanism for the 
protective effect of these variant erythrocytes (Nurse, 1979). Iron deficient 
red cells which are also microcytic and hypochromic confer protection 
against malaria (Oppenheimer et al. 1986). Pasvol and co-workers (1980) 
have demonstrated an increased susceptibility of young (big) normal RBC to 
parasite invasion compared to old (small) RBC. However, the role of red cell 
size and age in the protective mechanism against malaria in thalassaemic 
RBC remains to be further investigated. All previous investigations done in 
this respect have only looked at whole blood samples of thalassaemic RBC. 
92 
Using a new strategy of fractionating whole blood into age/size 
related fractions and an extended culture duration，the protective effect of 
thalassaemic erythrocytes against malaria in vitro as well as the possible 
role of red cell size and age were investigated. This approach takes 
cognisance of the fact that red cell size decreases with increasing age and 
the effects of these two factors might be closely related In the protective 
mechanism. The results obtained using this experimental design will be 
presented and discussed in this chapter. 
9.2 MATERIALS AND METHODS 
9.2.1 Sample collection 
Blood samples were obtained from volunteers with a and p 
thalassaemia trait, HbH and normal healthy controls using the criteria earlier 
described (section 2，chapter 7.2.1). All thalassaemic trait volunteers were 
asymptomatic. Furthermore, diagnosis of thalassaemia was re-confirmed by 
haemoglobin electrophoresis and glucoses-phosphate dehydrogenase 
(G6PD) deficiency was ruled out by quantitative assays (Beutler 1984). In a 
thalassaemic trait subjects, a red cell discriminant function {MCV^ x RDW / 
(Hb X 100)} was used to differentiate single and double gene deletion 
(Green & King, 1989). 
9.2.2 Sample preparation 
Samples were fractionated using the Percoll density gradient method. 
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Creatine assays and measurement of haematological parameters were also 
carried out on both fractionated and whole blood samples (methods 
described in section 2, chapter 6.2.3 to 6.2.5). Reticulocyte staining was 
done using the new methylene blue stain as described in section 2，chapter 
7.2,3. 
9.2.3 Invasion and growth assay 
These were carried out in triplicates using 35mm culture plates. 
Erythrocytes from whole blood and fractionated samples were innoculated 
using schizont stage parasites (prepared as described in section 3 
chapter 8.2.2 and 8.2.3) at a starting parasitaemia of 0.5% and 4% Hct. 
Culture medium was changed daily and pooled serum (obtained from normal 
healthy subjects) of corresponding blood group to experimental red cells 
was used as culture medium supplement. The culture plates were placed in 
a speci3l chamber and maintained in a gaseous atmosphere of 5% oxygen， 
5% carbon dioxide and 90% nitrogen. Cultures were maintained for three 
erythrocytic cycles (144hr). Invasion, growth and re-invasion were studied 
both by slide microscopy and flow cytometry. Every 24hr paired thin blood 
smears for microscopy were made and samples taken for flow cytometric 
analysis (methods described in section 3 chapter 8,2.4). 
9.2.4 Statistics 
Statistical analysis was carried out using the BMDP statistical 
software package. Univariate analysis was done using the non-parametric 
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Kruskal Wallis test. Correlations were tested for using the Pearson's Product 
Moment correlation. A two level repeated measures model was set up for 
multivariate analysis. Ali data points for the parasite activity over the entire 
culture duration were included in the model, hence making it more statiscally 
accurate compared to a univariate analysis at a single time point. The effect 
and interaction of culture duration, thalassaemic phenotype, fraction level 
andcell age on the parasite activity were determined using this model. 
9.3 RESULTS 
Samples were collected from normal, a and p thalassaemia trait 
(n=11 for each group) and 8 HbH subjects. Hb electrophoresis confirmed the 
diagnosis of thalassaemia in thalassaemic subjects. The red cell 
discriminant function value (mean +SD) for ten a thalassaemic trait subjects 
was 57.0 +3.1 (suggestive of double gene deletion). One subject had a 
value of 79.9 (suggestive of single gene deletion), however the overall 
experimental outcome in this subject was similar to that for the others. All 
subjects had normal G6PD status, 7.9 土1.7 units/g Hb (mean +SD). 
9.3.1 Assessment of parasite activity in both whole blood and 
fractionated samples 
Parasite activity was assessed by both slide microscopy and flow 
cytometry. Parasitaemia obtained by both methods showed good correlation. 
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A. Assessment ofparasite activity in whole blood samples 
i. Parasite invasion : 
lnv3sion rates were assessed at 24hr, 72hr and 120hr. This was 
based on the number of new ring forms (without including remaining 
schizonts from the previous cycle) per thousand RBC expressed as a 
percentage. Table 9.1 shows details ofthe invasion and re-invasion rates in 
thalasssaemic and normal whole blood. Re-invasion rates at 72hrs and 
120hrs give an indication of invasion capabilities of merozoites that 
developed within thalassaemic red cells. 
ii. Parasite growth : 
Figure 9.1 shows the growth trend of parasites in the different red cell 
types between Ohr and 144hr. Parasite growth was lower in a and p 
thaIassaemia trait as well as HbH RBC. Marked deterioration is seen in 
these three groups in the third cycle. 
iii. Multivariate analysis: 
A two level repeated measures multivariate model was used to adjust 
for the effect of the thalassaemic condition and culture duration on parasite 
activity. There was significant difference in rate of parasite growth between 
thalassaemic and normal RBC with increasing culture duration (Table 9.2). 
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Table 9.1 
Invasion and re-invasion rates in thalassaemic 
and normal whole blood samples 
Data represents number ofnew ring forms per thousand RBC expressed as a 
percentage (median values with interquartile range shown in parenthesis). 
Red cell type 
Invasion and re-invasion rates 
^ h r 7 ^ 120hr 
Normal 1.9(1.6-2.0) 4.7 (4.1-5.2) 6.0 (5.0-7.8)~~~ 
n=11 
athal 1.2(1.1-1.35) 3.7 (3.2-5.4) 3.9(1.7-4.7)~~ 
n=11 
pthal 1.0(1.0-1.5) 3.5 (3.2"4.5) 4.0 (3.6-4.0)~~ 
n=11 
~ H ^ 1.0(0.9-1.2) 3.3 (2.6-3.7) 1.7 (0 .7 -2 .0 )~ 
n=8 
Statistical analysis done using the non-parametric Kmskal Wallis test. 
Significantly higher invasion (24hr) and re-invasion (72hr & 120hr) rates 
were seen in normal RBC compared to thalassaemic RBC (p<0.001). 
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Figure 9.1 
Parasite activity in normal and thalssaemic whole blood over 
three schizogonic cycles was assessed. A comparison of the 
the parasitaemia in normal and thalassaemic RBC showed a 
trend of higher parasite growth in normal RBC. There was a 
deterioration in parasite growth in the third cycle in thalassaemic 
RBC. In contrast, sustained good growth was observed in normal 
RBC. At the end of the culture duration, thalassaemic RBC had 







Multivariate analysis of parasite activity in 
normal and thalassaemic RBC (whole blood) 
！ 
i j I 
A multivariate model analysis of the effect of culture duration and red cell type (co-
variates) on the rate ofparasite growth (dependent variable) was set up using the 
BMDP statistical software package. 
Normal RBC was the baseline group used for comparison. 
Co-variates Z-score P value 
Red cell type 
HbH "4.95 <0.0001 
Alpha thal -2.38 0.0170 
Betathal -2.35 0.0184 
Culture duration 
Linear effect 30.01 <0.0001 
Quadratic effect 7.07 <0.0001 
Cubic effect -1.98 0.046 
Interaction of red cell type and culture duration 
Red cell type vs. Linear duration effect p <0.0001 
Red cell type vs. Quadratic duration effect p <0.0001 
Red cell type vs. Cubic effect p =0.04 
a. The results show that on average, overall parasitaemia in normal and 
thalassaemic red ceils differed significantly. 
b. The significant linear, cubic and quadratic trend demonstrated for the 
culture duration shows that the parasite growth in thalassaemic RBC was 
good initially and subsequently declined. This is in keeping with the 
deterioration in parasite growth in the 3rd cycle seen. 
c. The interaction of culture duration and red cell type demonstrate the rate 
of parasite growth in different red cell types. The significant difference 
ri between normal and thalassaemic RBC indicate that rate of parasite 




B, Assessment of parasite activity in fractionated blood 
samples 
i. Classification of the fractions for detailed analysis : 
Parasite invasion and growth in aii fractions of thalassaemic and 
normal controls were assessed. A comparison was done both within and 
between blood types (normal, a and p thalassaemia trait and HbH). Within 
each blood type detailed analysis of the invasion rates and parasite growth 
between each fraction was carried out. Fractions 6 and 7 in normal controls 
and in thalassaemic trait groups showed no significant difference in parasite 
activity, haematological parameters and RBC creatine. These two fractions 
were therefore pooled together and analysed as a single fraction.丨门 HbH, 
not all samples had enough red cells in fraction 8 to be put into culture. 
However, comparison of fractions 6, 7 and 8 (where available) did not show 
any significant difference in parasite activity. For consistency, these were 
aiso grouped as a single fraction. Hence for each blood type, there were 6 
fractions. 
In addition to(1hese 6 fractions. 3 age distinct groups were also 
identified on the basis of red cell creatine. Red cell creatine was significantly 
different between alternate fractions (fractions 1. 3 & 6). Note that this is in 
contrast to analysis of MCV which showed a significant difference only 
between fraction 1 and fraction 6. These three age distinct fractions were 
designated as young, intermediate and old RBC. Analysis of parasite 
activity in the 6 fractions and the 3 aqe distinct groups were carried out. 
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ii. Comparison of parasite activity within blood types (i.e. normal, a and p 
thalassaemic trait and HbH): 
Down the density gradient (from fraction 1 to fraction 6) there was a 
consistent trend of decrease in parasite activity. Figure 9.2 shows 
parasitaemia at 144hrs in all six fractions with different blood types. 
iii. Comparison of parasite activity between blood types : 
Invasion rates: Tables 9.3a and 9.3b show the invasion and re-
invasion rates in fractions 1-6 of the different blood types. Comparison of 
invasion rates between normal and thalassaemic red cells showed that from 
fractions 1-3 (young and intermediate aged), normal RBC had significantly 
higher invasion and re-invasion rates compared to thalassaemic ones (Table 
9.3a). However, in fractions 4>6 (old RBC in fraction 6) significant difference 
was only noted in re-invasion rates i.e. at 72hr and 120hr (Table 9.3b). 
Parasite growth: Comparison of thalassaemic and normal red cells 
from equivalent fractions indicates a trend of better parasite growth in 
normal erythrocytes. Prgure 9.3 shows the parasite growth in all six fractions 
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Parasitaemia at the end of culture duration in the six fractions 
of thalassaemic and normal RBC. A decrease in parasite 
activity was observed in red cells down the denSity gradient 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Cell size and cell aqe: As shown earlier (section 2, chapter 7.3.3), 
the smallest (oldest) normal RBC had significantly higher MCV compared to 
the biggest (youngest) thalassaemic RBC. To determine if the poor parasite 
activity was being influenced more by cell age or cell size, the parasitaemia 
in these fractions of normal and thalassaemic RBC was compared. With the 
exception of the HbH RBC, the metabolically younger and smaller 
thalassaemic trait (a and p) RBC supported parasite growth better than the 
older, bigger normal RBC, (Figure 9.4). This suggests that the poor parasite 
growth in the thalassaemic trait erythrocytes is probably being influenced 
more by cell age rather than cell size. 
Persistence of schizonts: From the second cycle, loss of synchrony 
with high percentage of schizonts at the wrong phase was observed in 
thalassaemic samples (i.e. at 72hrs and 120hrs when most of the parasites 
were expected to be at the ring stage, a persistence of schizonts was 
noted). This phenomenon was termed schizont maturation arrest and it 
became more obvious with increasing cell age. Hence, old thalassaemic red 
cells with poor par^iite growth also have more pronounced schizont 
maturation arrest. In addition, comparison of age equivalent normal and 
thalassaemic RBC showed lower parasitaemia as well as the presence of 
schizont maturation arrest in the thalassaemic red cells. Figure 9.5 shows 
the schizont maturation arrest in young, intermediate and old RBC (fractions 
1, 3, and 6 respectively) and relates it to parasite growth in these fractions. 
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Multivariate model analysis: As undertaken for whole blood 
samples, a multivariate analysis was also carried out in fractionated 
samples. A two level repeated measures multivariate model was set up to 
analyse the effect of blood type (a and p thalassaemic trait as well as HbH), 
culture duration and fraction level (which takes into account the cell age and 
size) on the parasite growth. The interaction of these factors was also 
assessed with this model. A significantly higher rate of parasite growth was 
demonstrated in normal RBC compared to thalassaemic red cells (a and p 
thalassaemic trait and HbH). In addition, there was a significant interaction 
between the culture duration and fraction level. Parasite activity became 
significantly impaired with increasing culture duration and increasing fraction 
level (Table 9.4). 
When the multivariate model was used to analyse the interactions in 
the three age distinct groups (fractions 1, 3 and 6) thalassaemic red cells 
still demonstrated significantly lower parasitaemia and rate of growth. 
Furthermore, this impaired activity showed a significant interaction with cell 




i ' - 广 〜 7 \ 
1 6- 卜<,、.\ 
i 、 - 、 
2 5 - / • - - , 
« ^ S 
复 4 - / / “ - r ^ : ^ ^ 
I 3 - / / — - - 7 
i 2 - / / 
I ^ ^ J / 
1 - ^ ^ ^ ¢ 5 ^ ^ 
0 -
I I I I I I 1 
0 24 48 72 96 120 144 
Duration of culture (hours) 
. 
！ i 
• Normal (fraction 7) 
- - • - a thal (fraction 1) 
~ » - j3thal (fraction 1) 
- ^ HbH (fraction 1) 
Figure 9.4 
Parasite activity in the smallest, oldest normal RBC (MCV 85.1 +2.3) was 
compared with that in the biggest, youngest a and p thalassaemic trait and ^ 
HbH RBC (MCV of 74.3 +5.0 ； 70.0 +5.0 and 72.0 +6.1 respectively). 
The smaller (younger) a and p thalassaemic trait RBC generally supported p 
parasite growth better than the bigger (older) normal RBC. This suggests an 
effect of cell age rather than cell size. However, the parasitaemia in HbH RBC 
was still significantly lower than that in normal RBC (p<0.05), indicating that 






















































































































































































































































































































































































































































































































































































































































































































Multivariate analysis of parasite activity in normal 
and thalassaemic RBC (fractionated samples) 
A multivariate model analysis ofthe effect offractionation, duration ofgrowth and 
red cell type (co-variates) on the rate ofparasite growth (dependent variable) in the 
six fractions of thalassaemic and normal red cells was set up (BMDP statistical 
software). Normal RBC was the baseline group used for comparison 
Co-variates Z-score P value 
Red cell type 
H ^ -10.86 <0.0001 
Alpha thal -2.62 0.0086 
Beta thal -1.07 0.2814 
Culture duration 
Linear effect 67.01 <0.0001 
Quadratic effect -19.50 <0.0001 
Cubic effect -13.21 <0.0001 
Fraction level -24.58 <0.0001 
Interaction 
Red cell type vs. Linear duration effect <0.0001 
Red cell type vs. Quadratic duration effect <0.0001 
Red cell type vs. Fraction <0.0001 
Fraction vs. Linear duration effect <0.0001 
a. Overall parasitaemia in alpha thal and HbH were significantly lower 
compared to normal. Although beta thal demonstrated a similar trend as 
alpha thal and HbH, it did not show statistical significance, 
i -
b. The significant linear cubic and quadratic trend demonstrated for the 
culture duration shows that the parasite growth in all groups of thalassaemic 
RBC was good initially and subsequently declined， in keeping with the 
deterioration in parasite growth demonstrated in the 3rd cycle. 
c. The interaction of culture duration, red cell type and fraction level 
demonstrate the rate of parasite growth and effect of fraction level. The 
significant difference between normal and thalassaemic RBC indicate that 
rate of parasite growth in these variant RBC is significantly lower and 




Multivariate analysis of parasite activity in 
normal and thalassaemic RBC (age distinct fractions) 
A multivariate model analysis ofthe effect ofRBC age, duration ofgrowth and red 
cell type (co-variates) on the rate ofparasite growth (dependent variable) in the three 
age distinct fractions of thalassaemic and normal red cells was set up (BMDP 
statistical software). 
Normal RBC was the baseline group used for comparison 
I 
Co-variates Z-score P value 
Red cell type 
HbH -12.21 <0.0001 
Alpha thal -3.20 <0.0001 
Beta thai -0.74 0.457 
Culture duration 
Linear effect 64.52 <0.0001 
Quadratic effect -17.83 <0.0001 
Cubic effect -12.75 <0.0001 
Fraction level -25.21 <0.0001 
Interaction 
Red cell type vs. Linear duration effect <0.0001 
Red cell type vs. Quadratic duration effect <0.0001 
Red cell type vs. RBC age <0.0001 
RBC age vs. Linear duration effect <0.0001 
a. Overall parasitaemia in alpha thal and HbH are significantly lower 
compared to normal. Although beta thal had similar trend as alpha thal and 
! HbH, it did not show statistical significance. 
I ！ 
b. The significant culture duration trends (linear, cubic and quadratic) 
I demonstrates the initial good parasite growth with subsequent deterioration 
in the thalassaemic RBC. 
i 
j 
c. The interaction of culture duration, red cell type and RBC age 
demonstrates the effect of RBC age on the rate of parasite growth. The 
significant difference between normal and thalassaemic RBC indicate that 
the lower rate of parasite growth in these variant RBC is influenced 
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iv. Morphological assessment of parasites : 
As stated earlier, loss of synchrony with a predominance of schizonts 
was observed in thalassaemic erythrocytes within the third cycle, indicating 
a degree of schizont maturation arrest. Morphologically, this schi2;ont 
maturation arrest was associated with abnormal development of the 
parasites especially in old thalassaemic RBC. The late trophozoite/schizont 
stage parasites in old thalassaemic erythrocytes were observed to be 
moribund and with scanty cytoplasm. In addition, segmenting schizonts had 
few daughter merozoites within them. Figure 9.6 shows an example of such 
moribund schizont (normal schizont in Figure 9.7). 
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Figure 9.6 
Abnormal moribund st^hizont stage parasite from old thalassaemic RBC 
(x2000). There is scanty cytoplasm and few visible daughter merozoites 
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Figure 9.7 
Normal healthy schizont stage parasites (x2000). Numerous daughter 







Confirmation of thalassaemia : 
The diagnosis of thalassaemia in the subjects was re-confirmed by 
•i 
Hb electrophoresis (even for those who were first degree relatives of HbH 
and p thalassaemia major patients). In addition, this procedure also 
！ 
eliminated the presence of other abnormal haemoglobin such as HbS and 
HbC as well as persistence of HbF. These have all been associated with 
protection against malaria (Fleming et al. 1979; Friedman et al. 1979; 
Luzzatto, 1979; Pasvol et aL 1978). None of the HbH subjects had 
associated Hb CS. 
However, detailed DNA analysis was not performed. Such analysis 
show specific gene deletions or point mutations and would have been 
helpful in differentiating the single gene deletion and double gene deletion a 
thalassaemic trait subjects. Single gene deletion a thalassaemia is usually 
associated with normal haematological parameters especially normal cell 
I 
size (MCV). All the thalassaemic trait subjects in this study showed 
haematological parameters compatible with a thalassaemic trait. In 
particular, they also had significantly lower MCV compared to normal (in 
keeping with microcytosis) which showed a unimodal distribution pattern. In 
addition, with the exception of four subjects, all the a thalassaemic subjects 
were mothers of HbH patients. Of these four subjects, two were colleagues 
in the department while the other two were the father and sibling of HbH 
subjects. Using a red cell discriminant function analysis, it appears that all 
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the subjects except one have double gene deletion a thalassaemia trait. 
Beta thalassaemia major patients were excluded from the study as they were 
all inv3riably on monthly blood transfusion and would therefore have donor 
RBC in their circulation. None of the subjects in this study had blood 
transfusion within 12weeks preceding blood collection. 
G6PD deficiency has been associated with protection against malaria 
(Nagel, 1990; Weatherall, 1987; Roth, Jr. etal. 1983). It is also known that 
this condition can co-exist with thalassaemia, modulating the expression of 
thalassaemic disease and the degree of protection against malaria. It was 
therefore necessary to rule out the presence of G6PD deficiency. 
Quantitative assays were done to identify heterozygotes with borderline 
deficiency. All subjects had G6PD levels within normal range. Although 
specific screening for iron or folate deficiency anaemia would have provided 
more information, this was not done for logistical reasons. However, there 
were no identifiable clinical indication or predisposing factors to such 
conditions in these subjects. 
In this study the FC27 chloroquine sensitive strain of P. falciparum 
was used as it was felt that this is closest to the Wild" parasite. This is 
because malaria parasites were initially sensitive to chloroquine with drug 
resistance occuring as a result of mutation effects. Hence the selective 
effect of malaria probably occurred with the tiaturally"occurring chloroquine 
sensitive strains. Although this study was carried out with only one strain of 
P, falciparum it is anticipated that the use of other strains of the parasite 





demonstrated in different regions of the world has been consistent despite 
the fact that different strains of the parasite occur in these areas. 
Major findings: 
From the above results an impaired rate of parasite invasion, re-
invasion and growth in thalassaemic erythrocytes has been demonstrated. In 
experiments performed using whole blood samples, significantly impaired 
parasite growth occurred in HbH erythrocytes throughout the entire culture 
duration. However, in the milder thalassaemic trait erythrocytes, such altered 
parasite activity was unmasked during the third culture cycle. Multivariate 
statistical analysis demonstrated a significantly reduced rate of parasite 
growth in thalassaemic compared to normal RBC. In addition, there was 
significant interaction between the rate of growth, the culture duration and 
the presence of the thalassaemic condition. It thus appears that the duration 
of the in vitro culture is an important element in demonstrating the protective 
effect of thalassaemic red cells. 
In the experimental design utilised, a new element not considered in 
previous studies was introduced In addition to whole blood samples (as 
done in other studies), age/size related fractions of RBC were also used. 
This was done to bring out the possible role of red cell age and size (which 
are also potentially confounding factors) in the protective effect. In both 
normal and thalassaemic erythrocytes, there was a consistent trend of 
decline in parasite activity in erythrocytes obtained down the density 
gradient (i.e. from fraction 1 - fraction 6). Normal RBC supported parasite 




red cells. Poorer initial invasion seen in the upper fractions (young and 
intermediate aged RBC) of thalassaemic samples when compared to 
normals was absent in the lower fractions (old RBC). Re-invasion rates in 
thalassaemic RBC were however significantly lower in all fractions. With a 
multivariate statistical model analysis, a significantly reduced rate of parasite 
growth was clearly demonstrable in the thalassaemic red cells. There was 
also a significant interaction between the duration of culture, the 
thalassaemic condition, fraction level and cell age. Fraction level is 
associated with red cell age and size. From fractions 1"6, there is a 
decrease in cell size with increase in cell age. The analysis however 
indicate that the outcome of parasite culture is influenced more by the cell 
age than the cell size. The findings seen with the analysis of the 6 fractions 
was also more clearly defined with the analysis of the three age distinct 
fractions. 
Significant schizont maturation arrest was also demonstrated in the 
erythrocytes from the bottom fractions of thalassaemic samples 
(corresponding with old RBC). This schizont maturation arrest was also 
accompanied by morphological changes in the parasites. The late 
trophozoite/schizont stage parasites in these old thalassaemic erythrocytes 
were moribund with scanty cytoplasm and had fewer daughter merozoites. 
Experimental design: 
As already discussed, with the exception of more severe forms of 
thalassaemia, the reports with reference to thalassaemic trait erythrocytes 
have been conflicting. In addition, these studies have been carried out using 
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whole blood samples. In this study, a more thorough experimental approach 
has been used with the assessment of parasite activity in both fractionated 
and whole blood samples over three erythrocytic cycles (144hr). To date, 
this is the first study using this type of combined approach in assessing this 
problem. 
The finding of poor parasite activity in whole blood samples of HbH in 
this study is comparable to reports in literature. Furthermore, similar growth 
impairment is seen in the fractionated samples. Indeed, HbH RBC had 
lowest set of parasite counts compared to normal and thalassaemic trait (a 
and p). HbH is associated with a younger mean cell age. A previous study 
had shown the increased susceptibility of young normal RBC to parasite 
invasion (Pasvol et aL 1980). This finding of poor parasite growth despite 
the younger mean cell age in HbH RBC suggests that these red cells are 
defective even when young and their ability to support parasite growth 
already compromised. 
The extended culture duration used in this study has also enabled the 
demonstration of the protective effect in thalassaemic trait (a and P) whole 
blood samples. Marked deterioration in parasite growth was demonstrable 
within the third cycle in thalassaemic trait RBC. In a previous study (lfediba 
et al. 1985) where cultures were maintained for 5-10 days in a thalassaemic 
trait and HbH erythrocytes, the effect of prolonged culture was not 
commented on, as peak parasitaemia was noted on the 4th day (96hr) and 
was followed thereafter by a decline in parasite activity in both normal and 




g the third cycle observed in thalassaemic RBC cannot be attributed to the 
I culture environment, as the parasites in normal RBC continued to show 
• 
I unimpaired growth through all three cycles. In addition, there was no 
m 
I macroscopic or microscopic evidence of increased red cell lysis in the 
I 
I cultures with thalassaemic RBC compared to normals. 
1 
I Parasite invasion in thalassaemic RBC: 
B^ : 
r-
1 Parasite invasion and re-invasion were impaired by the presence of 
I 
- the thalassaemic condition. It has been suggested that lower invasion in 
;ss^  
these microcytic red ceils could be due to the reduced surface area. 
i! 
Although the finer mechanisms involved in parasite invasion are yet to be 
fully understood, modifications of red cell membrane skeleton and/or its 
associated transmembrane proteins have been reported as affecting 
parasite invasion (Pasvol et al. 1989; Hadley, 1986; Pasvol et al. 1984; 
Pasvol et aL 1982). These include anomalies in the distribution of sialic acid 
and glycoproteins in the erythrocyte membrane as well as reduced 
erythrocyte deformability. 
As outlined earlier, thalassaemic red cells have been shown to have 
reduced deformability which is similar to that seen in aged normal red cells 
(Bunyaratvej et al. 1992; Schreier et aL 1989). In addition, they are 
associated with reduced glycoproteins and 25% less red cell sialic acid 
which is distributed in an uneven manner (Shinar et ai. 1989; Kahane et al. 
1978a). Similar membrane anomalies are also associated with old normal 
.i .¾ 
I erythrocytes (Cohen et al. 1976) and have been used to explain the reduced 
I parasite invasion with increasing erythrocyte age demonstrated by Pasvol 
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and colleagues (1980). It is worth noting that such age dependent decline in 
parasite invasion in thalassaemic erythrocytes is being demonstrated here 
for the first time. Red cell membrane anomalies may therefore explain the 
reduced parasite invasion seen in these variant erythrocytes. Reticulocytes 
are preferentially invaded by P. falciparum (Pasvol ef al. 1980) and high 
reticulocyte contamination of top fractions might result in differential invasion 
rates in red cells of different fractions. The low reticulocyte contamination 
associated with the fractionation procedure (see section 2，chapter 7.3.2) 
eliminates this possibility. 
However, the more intriguing finding is the significantly impaired re-
invasion rates (especially at 72hr). While the poor re-invasion rates at 120hr 
could be attributed to the impaired parasite growth in the third cycle, this 
does not explain the 72hr finding. This is especially more obvious in relation 
to the differences observed between old thalassaemic and old normal red 
cells. Invasion rates in both old normal and old thalassaemic red cells were 
low and not significantly different. However, the re-invasion rates in old 
thalassaemic red cells were significantly lower compared to those in old 
normal red cells. This poor re-invasion rates in thalassaemic erythrocytes 
suggest that factors other than membrane anomalies may come into play. It 
is possible that the schizonts (at 48hr) are producing less number of 
merozites hence the lower re-invasion rates, although morphological 
assessment with light microscopy did not suggest the presence of fewer 
daughter merozoites. It is further speculated that merozoites that have 
developed in thalasssaemic erythrocytes are defective and are therefore 
1 
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incapable of effective re-invasion. Schizont maturation arrest with presence 
of moribund schizonts in old thalassaemic red cells was demonstrated in the 
second cycle. It is plausible that this could be associated with production of 
defective merozoites. In a previous study, transmission electron microscopy 
showed the presence of vacuoles and clefts in the cytoplasm of merozoites 
developing in p thalassaemia/HbE red cells (Mackenstedt et al. 1989). It was 
suggested that these features of cellular degeneration indicates the loss of 
motility in these merozoites and thus the ability to re-invade new 
erythrocytes. Production of immature defective merozoites in G6PD deficient 
cells has also been suggested to play a role in the protective effect of these 
variant cells against malaria infection (Eaton etal. 1976). 
Relationship of in vitro finding with in vivo effects : 
The rate of parasite growth in thalassaemic erythrocytes has been 
shown to be significantly lower in thalassaemic red cells both with the use of 
whole and fractionated blood. This poor parasite growth is especially 
marked within the third cycle in thalassaemic trait erythrocytes when a 
deterioration in parasite growth is noted. This in vitro finding of lower rate of 
parasite growth in thalassaemic erythrocytes offers an explanation for 
findings from clinical studies. Oppenheimer and co-workers (1987) had 
earlier shown that subjects with a thalassaemia trait had higher parasitaemia 
but lower morbidity. This was paradoxical because it suggested a 
disadvantage for the thalassaemic trait condition. The speculated 
explanation was that there was a slower rate of growth of the malaria 




possible to find parasites in thalassaemic subjects, but less severity of 
infection. Other clinical studies in both alpha and beta thalassaemic trait 
subjects have also shown reduced incidence and severity of malaria with the 
presence of these red cell disorders (Abdalla et al. 1989; Willcox et al. 
1983a; Willcox et al. 1983b; Willcox & Beckman, 1981). The reduced rate of 
parasite growth shown in this study is associated with schizont maturation 
arrest with probable production of defective merozoites resulting in reduced 
parasite re-invasion. Occurrence of similar schizont maturation arrest in vivo, 
would result in schizont stage parasites persisting for longer sequestered 
in the deep vessels and avoiding clearance by the spleen. However, 
production of defective merozoites with reduced re-invasion capabilities 
would also result in fewer new ring forms. Such a scenario would therefore 
result in decreased severity of malaria infection in thalassaemic subjects as 
has been shown from clinical studies. Therefore, although the infective 
process continues the severity and morbidity associated with malaria would 
be reduced. 
Probable cause of impaired growth : The genesis of this impaired 
parasite growth might be multifactorial. Protein synthesis and other 
metabolic activity is especially intense in the trophozoite /schizont stage 
parasite as it produces more DNA during replication (Ginsburg, 1990). K is 
therefore vulnerable to the adverse effects of drugs, metabolic starvation or 
free radicals at this stage (Ginsburg, 1990; Assaraf et aL 1986). 
Unmatched globin chains in thalassaemic erythrocytes precipitate 
resulting in abnormal linkage haemoglobin which might be resistant to 
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parasite protease (Geary et al. 1983). As the globin chains form an 
important source of amino acid for the parasite, a form of metabolic 
starvation could ultimately occur. 
Globin chain precipitation is also associated with membrane damage 
and increased generation offree oxygen radicals (Rachmilewitz et al. 1985). 
Thalassaemic erythrocytes are therefore more susceptible to oxidant stress 
and this worsens with increasing severity of the disease. As P. falciparum is 
sensitive to free radicals, increased oxidative stress could play a role in the 
protective mechanism and be responsible for the poor parasite growth. Iron 
forms an important nutrient for the parasite and one would expect them to 
thrive in a milieu with high levels of free iron as seen in the thalassaemic 
RBC. The fact that poor parasite growth occurs in these variant cells 
suggests that the effect of the self-propagating oxidant stress induced by 
free iron is perhaps more overwhelming to the parasite. As the level of RBC 
iron and haem was not measured in this study it is difficult to make a definite 
comment on the kinetics of free iron and its redox reaction in relation to the 
parasite activity. However, it has been postulated that this redox effect of 
ironcould be age related (Scott et al. 1995) suggesting that oxidant stress 
could be responsible for the findings demonstrated here. 
In an earlier work by Friedman (1979)，impaired parasite growth in 
thalassaemic trait erythrocytes under conditions of increased oxidant stress 
was demonstrated, though this was not shown in a later study on a 
thalassaemic trait erythrocytes (Luzzi et al. 1991 a). Susceptibility to oxidant 
stress worsens with normal erythrocyte ageing (Kurata et al. 1993; Glass & 
丨 1 2 4 
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Gershon, 1984) although this has not been demonstrated conclusively in 
thalassaemic red cells (Prasartkaew et aL 1986; Cellehno et al. 1976). 
Similar age related susceptibility to oxidative stress in thalassaemic 
erythrocytes would explain the age related impaired parasite growth 
demonstrated in this study. 
Cell size versus cell age: 
Red cel! size and age still remain confounding factors. Both 
thalassaemic and normal erythrocytes become smaller with increasing age. 
The red cells in the oldest normal fraction are bigger than the youngest 
thalassaemic RBC (a and p trait and HbH). It would be expected that if cell 
size were to be solely responsible for the protective effect, these bigger (and 
older) normal RBC would have better parasite growth compared to the 
smaller (but younger) thalassaemic RBC. However, this was not the case as 
the younger thalassaemic trait RBC supported parasite growth better in spite 
of their smaller size. This finding suggests that red cell size alone does not 
influence the protective effect. Indeed, one can speculate that cell age and 
age related factors probably play a more important role in the protective 
mechanism. However, in the HbH group, smaller (younger) RBC still had 
lower parasitaemias compared to the bigger (older) normal RBC. This is 
paradoxical and in contrast to the finding in thalassaemic trait RBC. As HbH 
represents a more severe spectrum of thalassasemic disease with more 
pronounced anomalies, this finding supports the speculation that although 
these HbH RBC are metabolically younger, they are already defective due to 




This cell age related effect might however be influenced by the fact 
that these fractions appear more well defined in relation to age rather than 
size. Nevertheless, the fact that most of the factors (discussed above) which 
might mediate the impaired parasite activity in these variant RBC are age 
related, further supports a role for cell age in the protective mechanism. 
In light of these findings, the role of age related factors in the 
protective effect against malaria in thalassaemic erythrocytes still need to be 
further evaluated. Oxidant stress is a strong age related candidate 
hypothesised to be involved in the protective mechanism and its role still 
remains to be clearly defined. 
9.5 SUMMARY 
A new experimental strategy involving the combination of fractionated 
RBC and prolonged culture duration has been used to investigate the 
protection against malaria in thalassaemia. With this approach, the 
protective effect of thalassaemic RBC has been shown to be demonstrable 
in vitro. This study has for the first time, demonstrated the role of erythrocyte 
age in modulating the protective effect. The findings also indicate that 
parasite invasion, re-invasion and rate of growth are adversely affected by 
the thalassaemic disorder. This appears to be due to the occurrence of 
« , 
schizont maturation arrest and possible production of defective merozoites. 
Using this experimental approach, the role of age related factors (such as 







OXIDATIVE STRESS AS A 
PROTECTIVE MECHANISM 
CHAPTER 10 
ASSESMENT OF SENSITIVITY TO OXIDATIVE STRESS 
Increased oxidative stress as seen in thalassaemic red cells remains 
a strong factor through which protection against malaria might be mediated. 
Changes in enzyme activity, membrane lipoprotein content and ion 
permeability that accompany erythrocyte ageing promote higher sensitivity 
to oxidant damage with increasing red cell age (Jain, 1988; Clark & Shohet, 
1985; Nakai et al. 1984; Westerman etal. 1963). The finding that cell age is 
important in the expression of the protective effect demonstrated in the 
previous section further supports a role for oxidative stress.丨门 this section, 
the question of oxidant stress in the protective mechanism will be 
汝 
addressed. This chapter looks at the sensitivity to oxidant stress, its 
relationship with red cell age and parasite growth. In the next chapter, the 
effect of antioxidant and pro-oxidant agents in modulating the growth of the 
parasite in thalassaemic red cells of different ages will be evaluated. 
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10.1 INTRODUCTION 
The degree of oxidative stress can be assessed by measuring the 
level of different enzymes and substances involved in the antioxidant 
defence system or by assessing the degree of lipid peroxidation. 
Gluthathione peroxidase (GSH-Px), superoxide dismutase, catalase 
and vitamin E are some of the agents involved in antioxidant defence. The 
levels of these agents can give an indication of the degree of sensitivity to 
free radical damage. High levels due to increased production e.g. GSH-Px 
(Beutler et al. 1977b; Cellehno etal. 1976; Hjelm & Samuelson, 1974) or low 
levels due to over consumption e.g. vitamin E (Rachmilewitz et al. 1976) are 
changes which may occur in an attempt to counter free radical damage. 
Assessment of lipid peroxidation is based on the measurement of the 
levels of by-products formed during the lipid peroxidative process. This can 
done by the thiobarbituhc acid (TBA) test (Stocks et aL 1972; Stocks & 
Dormandy, 1971) or fluorescent product measurement (Gutteridge, 1985; 
Bidlack & Tappel, 1973). TBA specifically measures the level of 
malonyldialdehyde (MDA). This is a secondary breakdown product of lipid 
合 
peroxides produced during membrane lipid peroxidation (Stocks & 
Dormandy, 1971). 
Through the formation of SchifTs base, MDA can cross link the amino 
groups of phospholipids and proteins to produce fluorescent products called 
fluorescent chromolipids (Chiu et al. 1982; Bidlack & Tappel, 1973). These 
fluorescent chromolipids can be assessed by flow cytometry or by 
spectrofluorimetry (Hammouda & Fakeir, 1995; Chiu et aL 1994; Oraevsky et 
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al. 1993; Pre et al. 1993). As will be discussed later, the flow cytometric 
method of assessment of lipid peroxidation is perhaps the most sensitive 
method of determining the susceptibility to oxidant stress. 
In this chapter, the degree of oxidative stress in both whole blood and 
fractionated thalassaemic RBC will be assessed by measuring susceptibility 
to lipid peroxidation using flow cytometry. In addition, the association 
between oxidative stress and parasite growth will be assessed. 
10.2 MATERIALS AND METHODS 
10.2.1 Collection of blood 
Blood was collected from normal, a and p thalassaemic trait subjects. 
For logistical reasons, it was not possible to obtain samples from HbH 
subject, so they were excluded from the study. 
10.2.2 Percoll separation 
Percoll separatign of samples were carried out as (as described in 
section 2, chapter 6.2.3) within 4hr of collection. Fractions 1，3，& 6 
corresponding to young, intermediate aged and old red cell fractions were 
collected and used for further experiments. This immediate processing of 
samples was necessary as assessment of lipid peroxidation required fresh 
samples. Aliquots were taken from each fraction and whole blood for 




fractions as well as from whole blood were also used to culture the malaria 
parasite. 
10.2.3 Assessment of lipid peroxidation by flow cytometry 
Assessment of lipid peroxidation was carried out as described by 
Hammouda and Fakeir (1995) with few modifications. The red cells were 
washed three times in cold (4。C) azide-containing buffered saline at 1,000g 
for 5min. The azide-containing buffered saline was made up of sodium azide 
(7.8mmol/l), NaCI (150mmol/l), Na2HPO4/NaH2PO4 (3.4mmol/l) at pH 7.4. A 
1:10 suspension of the washed cells was then prepared using the azide-
containing buffered saline and allowed to equilibrate for 10min at 37®C. Two 
millilitres of 0.1mM hydrogen peroxide (in a glass tube) was pre-incubated 
at 37®C. Twenty microlitres of the red cell suspension was added to the pre-
incubated hydrogen peroxide and allowed to incubate in a shaking water 
bath at 37。C for 2hr. Control samples were prepared in the same way as the 
test samples with the exception of hydrogen peroxide treatment. 
Flow cytometric analysis was carried out using the Lysis 2 software 
on the FaCScan flovv^cytometer (Becton Dickinson, Mountain View Ca). 
Signals for 30,000 events were acquired at a rate of not more than 
1,OOOcells/sec. The red cell population was gated on a forward scatter vs. 
side scatter dot plot. Fluorescence 1 (FL 1) histogram was generated on the 
gated population and the red cell mean channel fluorescence (MCF), basal 





10.2.4 Parasite culture 
Parasite cultures in fractionated and whole blood samples were 
carried out using the same protocol earlier described in section 3 chapter 
9.2.3. Schizont stage parasites were used as innoculum. Cultures were 
carried out over three cycles at a starting parasitaemia of 0.5% and 4% Hct. 
Parasite growth was assessed every 24hr as previously described. 
10.2.5 Statistics 
Statistical analysis was carried out using One way ANOVA. 
Correlation was tested for using Pearson's Product Moment correlation. 
10.3 RESULTS 
10.3.1 Basal autofluorescence 
The basal autofluorescence before and after H2O2 challenge was 
assessed in all samples tested. The simultaneous assessment of samples 
without H2O2 treatment served as the internal control. 
The difference between the MCF seen without H2O2 treatment and 
after H2O2 challenge in each sample was calculated. This represents the 
degree of increase in basal autofluorescence. This degree of increase in 
basal autofluorescence with H2O2 challenge is indicative of the degree of 
lipid peroxidation which has occurred (Hammouda & Fakeir, 1995). The 
higher the change in basal autofluorescence, the higher the degree of lipid 
peroxidation. Figure 10.1 shows a typical flow cytometry computer print out 
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“ with the basal autofluorescence before H2O2 treatment (internal control) and 
I after treatment (test sample), 
i 
• The consistency of the MCF in the internal control (without H2O2 
I treatment) for fractions and whole blood samples of the different blood types 
w _ 
I (normal, a and p thalassaemic trait) was assessed by calculating the 
3： 
t coefficient of variation (CV). The CV varied between 3.5-4.5% in a and p 
21'.-
^ 
I thalassaemic samples and 2.8-4.0% in normal samples in keeping with 
I 
I minimal variation in the measurements obtained from the internal control of 
_ 
i different samples. 
1 , m 
m 
i 
• 10.3.2 Lipid peroxidation in normal and thalassaemic red cells 
i 
耀 Samples from 10 normal, 8 a and 8 p thalassaemic trait subjects were 
I 
\ tested. The difference in MCF value for control (without H2O2 treatment) and 
-¾¾. 
^ S : 
气 test sample (with H2O2 treatment) was used to determine the degree of 
:<iStt>. 
a 
I change in basal autofluorescence. 
.)'.f! li 
i. Whole blood samples : 
•份 
The MCF change in a and p thalassaemic red cell (53.0 +9.93 and 
52.1 +7.56 respectively) tend to be higher compared to that seen in normal 
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Figure 10.1 
Computer print out of histogram analysis of FL1 (basal autofluorescence) 
from the flow cytometer using the Lysis 2 software. Fluorescence intensity 
was assessed by flow cytometry before and after hydrogen peroxide (H2O2) 
challenge in control and test samples respectively (basal autofluorescence 
FL1 on x-axis). The degree of change in the mean channel fluorescence 
(MCF) of the basal autofluorescence before and after H2O2 treatment 
indicates the degree of susceptibility to lipid peroxidation. The first peak 
(green) shows the MCF before H2O2 challenge. The second peak (from the 
test sample) shows the relative increase 丨门 basal autofluorescence that 
occurs after H2O2 challenge. 
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ii. Fractionated samples : 
Thalassaemic trait red cells (a and p) demonstrated significantly 
higher (p<0.05) degree of lipid peroxidation compared to their age 
equivalent normal erythrocytes (Figure 10.2). In addition, the degree of 
suscepitiblity to lipid peroxidation increased with increasing red cell age 
(p<0.01). 
10.3.3 Parasite growth and lipid peroxidation 
Parasitaemia at the end of the culture duration (144hr) in normal RBC 
(whole blood and fractions) was significantly higher compared to 
thalassaemic RBC as previously shown in section 3. There was a trend of 
lower parasite growth in thalassaemic RBC which had higher sensitivity to 
oxidant stress. Conversely, normal RBC with lower sensitivity to oxidant 
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Figure 10.2 
Sensitivity to oxidant s t r ^ was assessed by measuring the degree of 
susceptibility to lipid peroxidation using flow cytometry. This was significantly 
higher In fractions from a and p thalassaemic RBC compared to age equivalent 
normal RBC. There was no significant difference between age equivalent fractions 
of a and p thalassaemic RBC. 
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Figure 10.3 
Degree of sensitivity to oxidative stress was assessed using a flow cytometric 
method. The change in the mean channel fluorescence (MCF) indicates the 
degree of increase in basal autofluorescence wlth hydrogen peroxide challenge. 
There was a trend of higher parasitaemia in normal RBC with lower MCF. 
Thalassaemic red cells with higher MCF values showed lower parasitaemia. 
The reference lines indicate the mean ±SD of both parameters for the two RBC 
populations (i.e. normal and thalassaemic RBC) 
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10.4 DISCUSSION 
To determine the sensitivity to oxidant stress in thalassaemic and 
normal red blood cells, the degree of lipid peroxidation in whole blood and 
age fractionated samples was assessed using the flow cytometer. As the 
effect of red cell age on parasite growth had been shown in the previous 
section, this section of the study concentrates on assessing the three age 
distinct fractions as well as whole blood samples. 
In this study, a recently described method (Hammouda & Fakeir, 
1995) for the assessment of lipid peroxidation by flow cytometry was used. 
Although previous work has been done to assess lipid peroxidation jn 
thalassaemic red cells, this is the first known report using a flow cytometric 
method of assessment. The findings presented here demonstrate an 
increased lipid peroxidation in thalassaemic erythrocytes compared to their 
age equivalent normal red cells, h addition, for the first time, an increase in 
the degree of lipid peroxidation with red ceil ageing is demonstrated in 
thalassaemic red cells. Furthermore, there was a trend of higher 
parasitaemia in normal RBC with less senstivlty to oxidant stress and vice 
versa for the more oxidant stressed thalassaemic RBC. 
Assessment of lipid peroxidation : 
It has been shown that lipid peroxidation is of Importance in the 
pathophysiological changes associated with thalassaemia (Rachmilewitz et 
al. 1985; Rachmilewitz et aL 1976). Therefore, in this study the degree of 






peroxidation. This was carried out by flow cytometric measurement of 
fluorescent products. This method is based on the assessment of 
fluorescent chromolipids formed by the interaction of MDA and the amino 
groups of phospholipids and proteins during lipid peroxidation (Bidlack & 
Tappel, 1973). The degree of change of the basal autofluorescence 
between the control and test samples after induction of exogenous oxidant 
stress by hydrogen peroxide indicates the degree of lipid peroxidation. 
Previous studies have suggested that the measurement of fluorescent 
products is probably the easiest and most reliable way to determine lipid 
peroxidation in biological systems (Reddy et al. 1973; Tappel et al. 1973; 
Packer et aL 1967). Accumulation of fluorescent products in the erythrocytes 
of subjects treated with oxidant drug has been demonstrated (Goldstein & 
McDonagh, 1976). Measurement of fluorescent products by flow cytometry 
makes this method even more sensitive. This is because unlike any other 
methods of measuring lipid peroxidation, the flow cytometer is capable of 
assessing individual cells. Other methods such as the thiobarbituric acid test 
(TBA) and its various modifications deal with the cells as a bulk of oxidising 
material (Poli etal. 1986; Stocks & Dormandy, 1971). The use of TBA test is 
even more complicated with hypochromic cells like thalassaemic 
erythrocytes. This is because the result is expressed relative to haemoglobin 
and with the reduced haemoglobin in hypochromic red cells misleading 
results may be obtained. To overcome this, some workers have suggested 
that since MDA production is a measure of lipid peroxidation, red cell lipid 
content should be measured and the results expressed relative to lipid 
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content (Vettore & Griffin Tedesco, 1975). 
The autoxidation of oxyhaemoglobin to methaemoglobin involves the 
displacement of a superoxide radical (Chiu et aL 1982). With about 3% of 
haemoglobin being converted to methaemoglobin daily, superoxide is 
continuously being generated. The interaction of superoxides with peroxides 
results in the generation of highly reactive intermediates which are capable 
of attacking the membrane lipids and proteins with resultant haemolysis. 
I 
Although the cells were not examined microscopically after H2O2 treatment, 
there was no indication suggestive of lysis on flow cytometry analysis. In 
particular the foward scatter and side scatter pattern (measurements of cell 
size and cell granularity respectively) remained unchanged after H2O2 
treatment. This is probably due to the low level of H2O2 used. Although the 
amount of hydrogen peroxide utilised is above physiological levels it is still 
about 100 times less than that used by Stocks & Dormandy (1971) for the 
TBA test. 
Lipid peroxidation in thalassaemic red cells : 
The findings of increased lipid peroxidation with increasing normal 
i red cell age is in keeping with results obtained with other methods (Glass & 
[ Gershon, 1984; Jain & Hochstein, 1980). In whole blood samples, the 
t^  E 
I； j thalassaemic red cells showed a trend of higher susceptibility to lipid 
1 • 
I peroxidation though this was not statistically significant. The reason for this 
I 
I 
is unclear but the difference between normal and thalassaemic red cells I ;| 
became more obvious when fractionated samples were analysed. Using the 
!••-
TBA test, thalassaemic red cells (whole blood samples) have been shown to 
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generate more MDA compared to normals, indicative of increased lipid 
peroxidation (Poli et al. 1986; Rachmilewitz et al. 1976). 
j 
In this study, fractionated thalassaemic red cells showed a 
significantly increased susceptibility to lipid peroxidation compared to their 
age equivalent normal erythrocytes. Such difference in sensitivity to oxidant 
stress between thalassaemic red cells of different ages has not been 
previously demonstrated. Assessment of antioxidant enzymes in age 
fractionated thalassaemic red cells did not reveal any significant change 
with cell ageing (Prasartkaew et al. 1986; Cellerino et al. 1976). However, 
using this more sensitive method of flow cytometric assessment, the results 
clearly show that an age related increase in oxidant stress exists in 
thalassaemic red cells. 
With increasing cell age, an increase in the amounts of chromolipids 
similar to those formed after membrane lipid peroxidation has been 
demonstrated in normal RBC (Jain & Hochstein, 1980). This change is 
mimicked by the addition of MDA in vitro. Old normal red cells have also 
been shown to generate more MDA compared to young ones, in keeping 
with age related increased sensitivity to oxidant damage (Jain，1988; Glass 
& Gershon, 1984; Nakai et al. 1984). This increased sensitivity to oxidant 
damage with erythrocyte ageing has been associated wlth the decline in the 
red cell metabolic and defence capabilities with ageing (Kurata et al. 1993). 
;k_ 
I 
I Increased lipid peroxidation in thalassaemic erythrocytes may be due I !-; 
to a high membrane lipid, increased generation of free oxygen radicals or iv. # p 
inadequate defence mechanisms. High total RBC membrane lipid and low 
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}.-： 
| . . -
!•'••-
I 140 
f i — 
plasma vitamin E has been demonstrated in thalassaemic red cells 
(Vatanavicharn etal. 1988; Rachmilewitz etal. 1976). Iron salts catalyse the 
non-enzymatic autoxidation of the unsaturated membrane lipids, resuKing in 
the generation of the hydroxyl radical，which is capable of initiating lipid 
peroxidation (Halliwell & Gutteridge, 1984; Chiu et al. 1982). As the 
antioxidant defence systems get overwhelmed, increased oxidant damage 
and lipid peroxidation ultimately occur. These mechanisms appear to 
operate together in causing the increased lipid peroxidation in thalassaemic 
RBC and it is not clear which one is of major importance (Shinar & 
Rachmilewitz 1990). 
Oxidant stress and P. falciparum growth : 
Red cells that show higher degree of lipid peroxidation also had poor 
parasite growth. This suggests that these cells are unable to support 
parasite growth. Peroxidative damage and cross linking of membrane 
lipoproteins result in altered membrane deformability and permeability 
(Oliviero et al. 1994; Chiu et al. 1982). Deformability changes are known to 
.\ adversely affect parasite invasion (Bunyaratvej et al. 1992). The high degree 
1 
I 
of lipid peroxidation in thalassaemic red cells may therefore explain the 
reduced parasite invasion in thalassaemic red cells which was demonstrated 
in section 3, chapter 9. Changes in membrane permeability resulting in 
ionic and nutrient transport changes could have deleterious consequences 
on parasite growth (Oliviero et al. 1994; Rachmilewitz & Kahane, 1980; 
Friedman, 1979; Goldstein & McDonagh, 1976). Furthermore, free radicals 
associated with lipid peroxidation may also have a direct effect of causing 
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parasite death (Dockrell & Playfair, 1984; Clark & Hunt, 1983; Allison & 
Eugui, 1982). The membrane damage and altered red cell rheology 
associated with thalassaemic red cells probably predispose them to 
increased splenic clearance in vivo (Yuthavong et al. 1988). It is speculated 
that such increased in vivo clearance may also contribute to the protective 
effect of thalassaemic red cells. 
From the above there is an indication of a relationship between the 
parasite activity and degree of lipid peroxidation. However, this needs to be 
further assessed by examining the effects of oxidant modulating agents on 




A new approach using flow cytometry has been successfully used to 
assess the degree of sensitivity to lipid peroxidation in thalassaemic red 
cells. For the first time, an age related increase in susceptibility to oxidant 
stress is demonstrated in thalassaemic red cells. Furthermore, the trend of 
reduced parasite growth in the oxidant sensitive thalassaemic RBC is 
consistent with the suggestion that the protection against malaria may be 
mediated through the effect of oxidant damage and confirm Friedman's 
I 
！ (1979) observations. 
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CHAPTER11 
EFFECT OF OXIDANT MODULATING 
AGENTS ON PARASITE ACTIVITY 
11.1 INTRODUCTION 
Having demonstrated an increased susceptibility to oxidant stress in 
the thalassaemic trait RBC and correlating this with parasite activity, the 
effect of oxidant modulating agents in these variant RBC was then studied. 
The increased oxidant stress associated with thalassaemic 
erythrocytes has been hypothesised to play a key role in the mechanism of 
protection against malaria (Teo & Wong, 1985; Anastasi, 1984). The use of 
pro-oxidant and antioxidant agents to modulate the culture environment of 
！ 
the malaria parasite, presented a way of directly testing this hypothesis. Two 
previous studies have used this approach to test the "oxidant stress" 
j 
hypothesis but have come up with conflicting results (Luzzi et al. 1991a; 
Friedman, 1979). Friedman (1979) demonstrated significantly impaired 
parasite growth in thalassaemic trait red ceils in the presence of high oxygen 
tension as well as with the use of pro-oxidant agents, menadione and 
riboflavin. This effect was reversed with the anti-oxidant agents vitamin E 
and dithiothreitol. However, a later study by Luzzi and co-workers (1991a) 
using menadione and high oxygen tension (modelled after Friedman's 
experiments), failed to demonstrate similar effects. The reason why these 
two studies had different outcomes remains unclear although similar agents 
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and experimental designs were used. Therefore, the role of oxidant stress 
in the protective mechanism remain to be fully established. 
In this study, the "oxidant stress" hypothesis is re-examined. The 
approach of modulating the culture environment with antioxidant and pro-
oxidant agents has also been utilised. However, unlike other studies, the 
effect of these agents in both whole blood and fractionated samples has 
been assessed. This should help unmask any interaction between the red 
cell age and oxidant stress in the protective mechanism. In addition to using 
the two pro-oxidants (riboflavin and menadione) mentioned earlier, 
artemisinin is also used as an pro-oxidant agent. This potent antimalarial 
drug has been shown to have a selective parasiticidal effect (Meshnick et aL 
1991) mediated through free radical damage to the parasite. This should 
enable a comparison to be made between the effect of the non-selective 
pro-oxidants (menadione and riboflavin) and artemisinin (parasite selective 
pro-oxidant). As a sideline, the use of artemisinin would provide an 
opportunity to assess the effect of the thalassaemic trait condition on the 
sensitivity to this drug especially in view of reported work indicating an 
aKered sensitivity in HbH RBC (Kamchonwongpaisan et aL 1994; Yuthavong 
etal. 1989). 
This approach should enable one to define more clearly the role of 
oxidative stress in the protective mechanism. The findings from this modified 
approach will be presented in this chapter. 
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11_2 MATERIALS AND METHODS 
11.2.1 Collection of blood 
Blood samples were collected from normal, a and p thalassaemic trait 
subjects (n=6 for each group). HbH subjects were excluded for logistical 
I reasons. Both whole blood and fractionated samples were then used in 
culture experiments. 
11.2.2 Modulation of parasite culture with antioxidant and pro-oxidant 
agents 
The following antioxidant and pro-oxidant agents were used : 
Anti-oxidant agents : i. Dithiothreitol (DTT) ii. Vitamin E (Vit E) 
Pro-oxidant agents : i. Riboflavin (RB) ii. Menadione (ME) 
iii. Artemisinin (AR) 
The effects of each of these agents on parasite activity was tested 
independently. In addition, DTT and Vit E were combined to see if these two 
agents had any interaction. 
Preparation of oxidant modulating agents: 
I 
Stock solutions of ail five agents were prepared. This stock solution 
was ten times the concentration of the highest dose to be used in culture for 
each particular agent. Vitamin E, menadione and artemisinin are not water 
soluble and were prepared using other solvents. Culture medium was used 
to prepare dithiothreitol and riboflavin which are water soluble. 
i 
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Vitamin E was prepared using polyethylene glycol 400 (PEG 400), 
menadione and artemisinin with ethanol. Final concentration of PEG 400 in 
culture was 0.1%. Final concentration of ethanol in culture was 0.01% and 
0.001% for menadione and artemisinin respectively. At these concentrations 
none of these solvents affected parasite growth. Control cultures for vitamin 
E, menadione and artemisinin experiments all had the appropriate solvent 
added in the concentrations stated above. 
Culture set-up: 
Schizont stage parasites were prepared as previously described 
(section 3 chapter 8.2.3) and used as innoculum. Triplicate cultures were 
set up using 24well culture plates with each weli containing 400pl of culture 
material, at a starting parasitaemia of 0.2% and 0.2%Hct with 10% serum in 
the culture medium. Daily change of culture medium and drugs was carried 
out. The amount of fresh culture medium and drug added was carefully 
adjusted (this was calculated based on amount of old culture medium 
removed) to ensure that the concentration of drug and serum in cultures 
remained unchanged. Paired thin blood smears were prepared daily to 
assess parasite activity. Thirty six to forty hours after commencement of 
cultures (with the parasites in the early schizont stage) the appropriate 
antioxidant or pro-oxidant agent to be tested was then added to the culture. 
At this time, the parasites should have invaded and commenced growth 
within thalassaemic red cells. Cultures were then maintained for another 
cycle, hence total culture duration was 96hrs. 
146 
Five serial concentrations of each agent were used. These are: 
vitamin E : 0.8; 0.4; 0.2; 0.1; 0.05 (mg/ml) 
Dithiothreitol: 200; 100; 50; 25; 12.5 (pM) 
Riboflavin: 8; 4; 2; 1; 0.5(fjM) 
Menadione: 10; 5; 2.5; 1.25; 0.625 (pM) 
Artemisinin: 25; 20; 15; 10; 5 (nM) 
Drug interaction: This was determined for Vit E and DTT. In this 
combination experiment, 12.5pM of DTT and 0.2mg/ml of Vit E were used. 
The reasons for using these concentrations would be explained l3ter. 
11.2.3 Statistics 
The parasitaemia obtained at the end of the culture duration (96hr) 
was used in the analysis of the effects of the pro-oxidant and antioxidant 
agents. One way ANOVA and Two way ANOVA were used to analyse the 
data. Non-linear regression analysis was used to determine the 
concentration of pro-oxidant agent that produced a 50% growth inhibition 
(ICso). Sigmastat (Jandel Scientific) statistical software package was used 
for analysis. 
11,3 RESULTS 
11.3.1 Effect of antioxidant agents 
A. Dithiothreitol (DTT) 
DTT caused an increase in parasite growth at low concentrations but 
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resulted in parasite death at high concentrations. Maximum increase in 
parasite growth occurred with 12.5pM of DTT in young, intermediate and 
whole blood samples. However, for old RBC this was achieved with 12.5pM 
in normal RBC and at 25 and 50pM for thalassaemic RBC. There was no 
significant difference between the parasitaemia at 12.5, 25 and 50fjM in old 
thalassaemic RBC. In view of this, 12.5pM was picked as the optimum dose 
and used in further analysis. Fig 11.1 shows the effect of all five 
concentrations of DTT in both normal and thalassaemic RBC. 
Analysis of DTT effect at the optimum concentration of 12.5pM 
Whole blood 
The effect of DTT on parasite growth in whole blood samples of 
normal and thalassaemic trait RBC (a and p) was assessed. With DTT 
treatment, there was no significant improvement in parasite growth in normal 
and p thalassaemic trait RBC. Significant increase in parasitaemia was seen 
in a thalassaemic trait RBC (Figure 11.2). 
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Figure 11.1 
Normal, a and p thalassaemic RBC (whole blood and fractions) were treated 
with five serial concer1trations of dithiothreitol (DTT). For whole blood, young 
and intermediate RBC maximal increase in parasite growth was seen in both 
normal and thalassaemic samples at DTT concentration of 12.5 pM. For old 
RBC fractions, maximal increase in parasite growth was seen at a concentration 
of 12.5pM for normal samples, and concentration of 25 and 50pM for thalassaemic 
samples. The parasitaemia in old a and p thalassaemic RBC at DTT concentrations 
of 12.5, 25 and 50^iM were not significantly different. DTT concentration of 12.5pM 
was subsequently used as the optimum concentration. 
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The activity of the parasite in whole blood samples from normal, a and 
P thalassaemic subjects in the presence of dithiothreitol (DTT) and without 
DTT treatment was assessed. With DTT treatment, a significant improvement 
in parasite growth was seen in a thalassaemic RBC compared to its control 
(without DTT treatment). No significant improvement was seen between 




i. Comparison between aroups: (normal vs. a and p thalassaemic trait): 
Parasitaemia in DTT treated age equivalent fractions of normal, a and p 
thalassaemic trait RBC were compared to assess the differences in 
improvement in parasite growth. The parasitaemia in the test samples 
(with DTT treatment) were expressed as a percentage of the control 
(without DTT treatment). Improvement in parasite growth in thalassaemic 
RBC were significantly higher compared to age equivalent normal RBC 
(Table11.1). 
ii. Comparison within groups (i. e. normal, a and p thalassaemia): 
The parasitaemia of the control (without DTT) and the test (with DTT) 
in fractions of normal and thalassaemic RBC was assessed. In a and p 
thalassaemic RBC, DTT treated intermediate and old RBC fractions had 
significantly higher parasitaemia compared with their controls (p< 0.05). In 
normal RBC similar significant improvement in parasite growth was only 
seen in the old RBC fraction (Figure 11.3). 
Young, intermediate and old fractions within each red ceil type were 
also compared. In the absence of DTT treatment, parasitaemia in these 
fractions differed significantly in normal, a and p thalassaemic samples. 
However, with DTT treatment, this significant difference was eliminated. 
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Table11.1 
Comparison of improvement in parasite growth with dithiothreitol 
in age equivalent fractions of normal and thalassaemic RBC 
Data represent mean ±SD 
Parasitaemia are expressed as a percentage ofthe control 
(without Dithiothreitol treatment) for each group. 
Red cell type Red cell age 
Young Intermediate Old 
Normal~~(n=6) 74.7 +8.8 106.7 +11.3 143.6 +16.8~~~ 
Betathal {n=6) 111.2 +6.5* 165.4 +21.4* 193.3 +15.6*~ 
Alpha thal (n=6) 111.2 +8.0* 154.5 +10.7* 195.3 + 1 6 . 9 * “ 
Statistical analysi$ done using One Way ANOVA. 
* p< 0.05. Comparison of age equivalent normal and thalassaemic RBC 
shows that with dithiothreitol treatment, a significantly higher improvement in 
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Figure 11.3 
Parasite growth in fractionated RBC with and without dithiothreitol 
treatment (test §nd control respectively) were compared. Intermediate 
and oid thalassaemic RBC (a and p), showed a significant Improvement 
in parasite growth with DTT treatment. Similar growth improvement 
was seen only in the old RBC fraction of normal samples, 
*p< 0.05. 
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B. Vitamin E (Vit E) 
Figure 11.4 shows the effect of all five concentrations of Vit E in both 
normal and thalassaemic RBC. Maximal increase in parasitaemia was seen 
at concentrations of 0.1-0.2mg/ml in normal RBC and 0.2-0.8mg/ml in 
thalassaemic RBC. Within each group, the increase in parasitaemia at these 
concentrations were not significantly different so 0.2mg/ml was used as the 
optimum concentration for further analysis. 
Analysis of Vit E effect at the optimum concentration of 0.2mg/ml 
Whole blood 
The effect of Vit E on parasite growth in whole blood samples of 
normal, a and p thalassaemic RBC was assessed. With Vit E treatment, 
there was no significant improvement in parasite growth in normal and p 
thalassaemic RBC. However, significant increase in parasitaemia was seen 
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Figure 11.4 
Normal, a and p thalassaemic RBC (whole blood and fractions) were 
treated with five serial concentrations of Vitamin E (Vit E). In normal RBC, 
maximal increase in parasite growth was seen at Vit E concentrations between 
0.1 and 0.2mg/ml with a trend of lower parasitaemia at higher concentrations. 
In thalassaemic RBC (a and P), maximal growth was seen at Vitamin E 
concentrations of 0.2, 0.4 and 0.8mg/ml. Within each group, there was no 
significant difference between the parasitaemia at these concentrations. 
Therefore 0.2mg/ml was used as the optimum concentration for both normal 
and thalassaemic RBC. 
155 
8 1 
一 * t 
cg 
.E 6 - ^ ① T F = i 
iS T [ = 1 
m^am ^^^ *^^ H 
¢0 ^^H 03 P ^ F=^ f = j u. T t = H ^ ^ ^ I I cn . B S t f ^ T ^ 3 ^ 3 Q. 4 • ij | | [ = ^ P = | T ^ ^ C3 iE$$i^^3 ‘ '§§§§1 I ^¾ I I — ;;;$$;;:iP=j ; I sa lj K» j 
2 _ _ | _ 
c j ;ia 激 驢 i I 
r _ _ • 
7 | 1 I 1 I 1 I 8 ¾ ! ¾ - I S s o c i I 
I Ji|ji I j j I ?>|< i — Pw s j *j 
i S l i I } \\ j » a 1 m x j I cjjgP i j>j>j I PQvi a f III I i 4 y j I Pfifii ^ H i i$S i g c4 I BQO, 4 > SSff^  1S fl I tSSi j I 
0 P ^ ‘ ° ^ ‘ ™ ^ ， ‘ ‘ 
normal beta thal alpha thal 
Red cell type 
/ 
SSSS control 
^ S Vit E (0.2mg/ml) 
Figure 11.5 
The activity of the ^^rasite in whole blood samples from normal, a and 
p thalassaemic subjects in the presence of Vitamin E C i^t E) and without 
Vit E treatment was assessed. A significant improvement in parasite growth 
was seen ia a thalassaemic RBC compared to its control (without Vit E 
treatment). In normal and p thalassaemic samples, similar analysis did not 






i. Comparison between arouos (normal vs. a and p thalassaemic RBC): 
Parasitaemia in Vit E treated age equivalent fractions of normal, a and p 
thalassaemic RBC were compared. Parasitaemia in the test samples (with 
Vit E treatment) were expressed as a percentage of the control (without Vit E 
treatment). Improvement in parasite growth in thalassaemic RBC were 
significantly higher compared to age equivalent normal RBC (p< 0.01)， 
Table11.2. 
ii. Comparison within groups (i. e. normal, a and p thalassaemic RBC): 
The parasitaemia of the control (without Vit E) and the test (with Vit E) 
in each age group of normal and thalassaemic RBC was compared. Young, 
intermediate and old VE treated a and p thalassaemic RBC had significantly 
higher parasitaemia compared to their controls. Such significant 
improvement in parasite growth was seen only in intermediate and old 
fractions of normal RBC (Figure 11.6). This improved parasite growth 
became more marked with increasing cell age. 
Also, the effect of Vit E in young, intermediate and old RBC within 
each red cell type was assessed. In the absence of Vit E treatment (control), 
parasite growth worsened significantly with increasing cell age. However, 
with Vit E treatment, this significant difference was eliminated due to the age 
related improvement in parasite growth seen with Vit E. 
157 
Table11.2 
Comparison of improvement in parasite growth with vitamin E 
in age equivalent fractions of normal and thalassaemic RBC 
Data represent mean +SD 
Parasitaemia are expressed as a percentage ofthe control 
(without Vitamin E treatment) for each group. 
~~Red cell t y p e ” F Red cell age 
Young Intermediate Old 
Normal~~(n=6) 95.0 +8.2 135.2 +11.7 168.4 +6.9 
I Beta thal (n=6) 137.0+9.9* 162.9 +8.7* 226.2 +4.8*~~" 





Statistical analysis done using One Way ANOVA. 
[ * p< 0.01. Comparison of age equivalent normal and thalassaemic RBC 
[ shows that with vitamin E treatment, thalassaemic red cells had a 
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Figure 11.6 少 
Parasite growth in fractionated RBC with and without Vitamin E (Vit E) 
f 
treatment (test and control respectively) were compared. A significant 
improvement in parasite growth was seen in Vit E treated fractions of a 
and p thalassaemic samples (compared to their controls). Similar growth 
improvement was seen only in intermediate and old RBC fractions of normal 
i-
samples. 
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C. Combination of Vit E and DTT (DTT+ Vit E) 
The interaction between Vit E and DTT was investigated. Figure 11.7 
demonstrates the effect of the combination of these agents relative to Vit E 
and DTT alone. Among ail three groups, Vit E caused the highest increase 
in parasite growth. Comparison of parasitaemia seen with DTT alone versus 
the combination (DTT +Vit E) did not show any consistent pattern. 
D. Interaction of drug effect, red cell type (thalassaemic and 
normal) and red cell age 
A two way analysis of variance was used to assess the parasitaemia 
in the whole blood and age equivalent fractions of normal and thalassaemic 
RBC. This statistical model adjusts for the effect of drug type and red cell 
type in the RBC of different age groups and whole blood. In addition, the 
interaction between the drug effect and the red cell type (i.e. normal, a and p 
thalassaemic trait) is analysed (Table 11.3). This analysis showed that the 
parasite activity in each fraction /whole blood was significantly influenced by 
the red cell type and the drug type. There was also a significant interaction 
between red cell type and the effect of the different antioxidant agents in red 
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Figure 11.7 
The effects of dithiothreitol (DTT) and Vitamin E (Vit E) alone as well as 
a combination of both (DTT +Vit E) in normal and thalassaemic samples 
was compared. In both whole blood and fractionated RBC treatment wlth 
Vit E alone resulted in the highest increase in parasitaemia. The effect of 




Analysis of variance of parasitaemia by red cell type and 
antioxidant agent in fractionated and whole blood samples 
Young RBC Intermediate RBC 
MS df F value P value MS df F value P value 
source of 
variation 
1. Red cell type 0.9 2 6.9 0.0019 2.3 2 12.2 <0.0001 
2. Drug type 3.7 3 27.1 <0.0001 10.7 3 55.2 <0.0001 
2way 2.0 6 14.8 <0.0001 1.2 6 6.1 <0.0001 
interaction 
1 vs .2 
Residual 0.1 60 0.7 60 
old RBC whole blood 
MS df F value P value MS df F value P value 
source of 
variation 
1. Red celi type 2.5 2 10.9 <0.0001 1.9 2 4.3 0.0170 
2. Drug type 27.4 3 119.7 <0.0001 4.6 3 10.2 <0.0001 
2way 0.6 6 2.8 0.0178 1.0 6 2.3 0.0434 
interaction 
1 vs. 2 
Residual 0.2 60 0.4 60 
Statistical analysis done using Two way ANOVA (Sigmastat, Jandel Scientific). 
MS : Mean squares ； df : degrees of freedom. 
Red cell type : Normal, alpha and beta thalassaemia trait. 
Drug type: vitamin E 0/it E), dithiothreitol (DTT), combination of Vit E and DTT. 
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11.3.2 Effect of pro-oxidant agents 
All three pro-oxidant agents caused inhibition in parasite growth in 
both normal and variant red cells. To compare the effects in thalassaemic 
and normal red cells, the concentration required to cause a 50% inhibition in 
parasite activity (IC50) was determined using a non-linear regression 
analysis. In cases where a 50% growth inhibition was not achieved even 
with the highest concentration, this maximum concentration was used as the 
IC50 in the analysis. 
A. Riboflavin (RB) and Menadione (ME) 
Figures 11.8 and 11.9 show the effect of RB and ME in whole blood 
as well as fractions of normal and thalassaemic samples. For both drugs, 
the ICso concentration was significantly lower in thalassaemic young, 
intermediate and whole blood samples (Tables 11.4 and 11.5). However, 
I there was no significant difference between old normal and thalassaemic 
I RBC. 
； V cv 
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Figure 11.8 
I The effect of riboflavin in age equivalent fractions of normal and 
i thalassaemic R8C was monitored. The degree of sensitivity to 
j' 
丨 riboflavin was determined by calculating the concentration of the 
agent required to cause a 50% inhibition In parasite growth (IC50). 
Whole blood as well as young and intermediate aged thalassaemic 
RBC showed significantly higher sensitivity to riboflavin compared 
to their age equivalent normal RBC (p< 0.05). No significant difference 
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Figure 11.9 
The effect of rnenadione in age equivalent fractions of normal and 
thalassaemic trait RBC was assessed. The degree of sensitivity to 
menadione was determined by calculating the concentration of the 
agent required to cause a 50% inhibition in parasite growth (IC50). 
Whole blood as well as young and intermediate aged thalassaemic 
RBC showed significantly higher sensitivity to menadione compared 
to their age equivalent normal RBC (p< 0.05). No significant difference 
in sensitivity between old thalassaemic and old normal RBC was 
demonstrable. 
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Comparison of I C 5 0 concentration for Riboflavin in 
age equivalent normal and thalassaemic cells 
Data represent Mean +SD 
Riboflavin I C 5 0 concentration (pM) 
Red cell type RBC age 
Young Intermediate Old Whole blood 
•i 
normal 6.5 +0.6 8.0 +0.0 2.8+0.3 8.0+0.0 
M mmm mm^ tmam 
(n=6) 
pthal 4.0+0.1* 2.4土1.3** 2.8 +0.7 3.4 +0.3** 
(n=6) 
athal 3.1 +0.5* 2.0土1.4** 2.4 +0.2 2.4 +0.8** 
(n=6) 
IC50: Concentration of drug required to cause a 50% inhibition in parasite 
growth. 
IC50 concentrations were determined using a Non-linear Regression 
analysis. One way ANOVA was used to analyse for significant difference. 
Whole blood, young and intermediate fractions of thalassaemic RBC had 
significantly lower IC50 concentrations compared to age equivalent normal 
RBC, indicating increased sensitivity to riboflavin in these variant RBC. 
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:| Comparison of I C 5 0 concentration for Menadione in 
丨 age equivalent normal and thalassaemic cells 
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\ Data represent Mean +SD 
Menadione I C 5 0 concentration (|jM) 
I ..t 
..1 
• __^^^^^^_^^^^^__-^^^^_ — ^ •I 
I Red cell type RBC age 
丨 ^ Young Intermediate Old Whole 
blood 
I 
normal 10.0+0.0 6.0土1.7 3.7土1.2 8.8+0.9 
(n=6) 
• W W a i a W W H — M M M M M M M ^ ^ ^ H ^ ^ ^ H I W i » - » — ^ ^ " ^ — « ^ " ^ ^ ^ — ' ^ ^ ^ " " ' ~ * " ^ ^ " " " " " " " ^ ^ ^ ^ " " " " " ^ " ^ ^ ^ " ^ " " " " " " * ^ ^ ^ ^ ^ ^ " " " " " " " " " ^ ^ ^ ^ ^ ^ ^ ^ ^ " " " " ^ ^ ^ " 
pthal 2.2+0.1** 3.2 +0.3* 3.9+1.3 3.4+0.8* 
(n=6) ~ 
, I 
athal 2.6+0.1** 3.2. +0.5* 3.0 +0.6 3.4+0.8* 
(n=6) — 
• I 
IC50: Concentration of drug required to cause a 50% inhibition in parasite 
growth. 
IC50 concentr3tions were determined using a Non-linear Regression 
analysis. One way ANOVA was used to analyse for significant difference. 
Whole blood, young and intermediate fractions of thalassaemic RBC had 
significantly lower IC50 concentrations compared to age equivalent normal 
RBC, indicating increased sensitivity to menadione in these variant RBC. 
* p< 0.05 ； ** p< 0.01 
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B. Artemisinin (AR) 
Figure 11.10 demonstrates the effect of artemisinin in whole blood 
and fractions of normal and thalassaemic RBC. Table 11.6 shows a 
comparison of IC50Concentration in age equivalent normal and thalassaemic 
RBC. Significant difference was only demonstrated in the old RBC fraction, 
with old thalassaemic red cells showing significantly lower sensitivity to 
artemisinin compared to age equivalent normal RBC. 
11.3.3 Morphological assessment of parasites 
Changes in the morphology of the parasites in thalassaemic red cells 
were observed. With vitamin E treatment moribund trophozoite/schizont 
stage parasites previously noticed in old thalassaemic red cells (section 3， 
chapter 9.3,1B) were conspicuously absent. Furthermore, multiple infection 
of red cells (i.e. red ceils infected with three or more parasites) was 
observed. This is indicative of healthy parasites as wHI be discussed later. In 
contrast, with pro-oxidant treatment, abnormal moribund and disintegrating 
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Figure 11.10 
Effect of artemisininirRn age equivalent fractions of normal and thalassaemic 
trait (a and p) RBC was monitored. The degree of sensitivity to artemisinin was 
assessed by determining the concentration of the drug required to cause a 50% 
inhibition in parasite growth (IC50). With the exception of the old RBC fraction, 
there was no significant difference in the sensitivity of age equivalent fractions of 
normal and thalassaemic RBC to artemisinin. 
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Table11.6 
Comparison of IC50 concentration for Artemisinin in 
age equivalent normal and thalassaemic cells 
Data represent Mean +SD 
Artemisinin I C 5 0 concentration (nM) 
Red cell type RBC age 
Young Intermediate Old Whole 
blood 
normal 11.0+2.6 11.0+2.6 5.0+2.3 9.7+1.1 
(n=6) 
pthal 8.1 +2.1 12.5+3.7 12.0+0.8* 10.8+2.1 
(n=6) 
athal 7.5+1.7 13.0+1.4 10.0+2.7* 9.8 +2.6 
^mm mmm M M ^ n a 
(n=6) 
IC50: Concentration of drug required to cause a 50% inhibition in parasite 
growth. 
IC50 concentrations were determined using a Non-linear Regression 
analysis. One way ANOVA was used to analyse for significant difference. 
There was no significant difference in the IC50 concentrations of whole 
blood, young and intermediate fractions of thalassaemic and normal RBC. 
Old thalassaemic RBC fraction had significantly higher IC50 concentrations 




Using pro-oxidant and antioxidant agents the activity of the malaria 
parasite in thalassaemic red cells (whole blood and fractionated samples) 
was significantly modulated. This effect was particularly obvious in the 
fractionated samples. 
Antioxidant agents : 
Vitamin E (Vit E) and dithiothreitol (DTT) are the two antioxidant 
agents used in this study. In whole blood samples, with the exception of a 
thalassaemia, there was no significant improvement in parasite growth with 
either of these agents. This finding in normal and 3 thalassaemia is in 
keeping wKh results from a previous study by Friedman (1979). However, 
with fractionated samples, the effect of these antioxidant agents was 
unmasked. With increasing red cell age, the positive effect of the antioxidant 
agents became more obvious. In old thalassaemic red cells, the increased 
parasite growth was accompanied by the absence of morphologically 
moribund parasites (previously demonstrated in section 3, chapter 
9.3.1B ) as well as multiple infection of the red cells. These morphological 
changes are indicative of healthy parasites and suggest that aKering the 
oxidant status of the red cells provides an intraerythrocytic milieu more 
conducive for parasite growth. 
To see if these agents (DTT and Vit E) interacted a combination of 
the two was also used in culture (DTT +Vit E). Comparison of DTT, Vit E and 




Furthermore, using a Two way ANOVA, it was shown that the effect of the 
antioxidant agents on parasite growth is modulated by an interaction 
between the cell type, cell age and type of agent being used. This indicates 
that the antioxidant effects is significantly affected by the presence of the 
thalassaemic condition as well as red cell ageing. 
DTT operates as an antioxidant agent within the cytosol (aqueous 
phase) by acting as a thiol reducing substance (Miller & Lipman, 1973). It 
reduces gluthathione and thus provides a substrate for gluthathione 
peroxidase in the breakdown of hydrogen peroxide hence preventing the 
generation of free radicals. The activity of gluthathione reductase (which 
converts oxidised gluthathione to its reduced form) has been shown to be 
reduced in thalassaemic red cells (Anderson et aL 1989; Clements et aL 
1981) hence suggesting decreased availability of this substrate and would 
explain the effect of DTT. By making more substrate available, DTT 
indirectly reduces the oxidant stress in the cells making it more favourable 
for parasite growth, hence the increased parasitaemia. It was however noted 
that this positive effect of DTT occurred only within the optimum 
concentration as high concentrations were found to result in reduced 
parasitaemia. 
The capability of the antioxidant enzymes are not completely limitless 
and some free radicals would probably still get formed with resulting lipid 
peroxidation. So, with DTT some lipid peroxidation is still expected to occur. 
In contrast, vitamin E is a potent free radical scavenger and is particularly 
significant in the prevention of lipid peroxidation. It has a dual possibly more 
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direct effect of scavenging free radicals and inhibiting the initiation as well 
as propagation of lipid peroxidation (Kurata et aL 1993; Chiu et al. 1982). 
This dual role of vitamin E would explain the higher parasitaemia seen with 
this agent in comparison to DTT. 
With the DTT+Vit E combination，one might expect an additive effect 
for these two agents. However, the results indicate that with this combination 
the parasitaemia was either the same, lower or higher than that seen in DTT 
alone but generally not as high as the effect of Vit E alone. The reason for 
this is unclear. It is speculated that the pathways of action of these two 
agents might overlap somewhat. Ascorbic acid which is a potent reducing 
agent in the aqueous phase has been said to play a role in recycling 
oxidised vitamin E (Packer et al. 1979; Tappel, 1968), thus probably acting 
as a link between the antioxidant mechanisms in the aqueous (cytosol) and 
the lipid (membrane) phase. 
The finding that vitamin E improved parasite growth the most 
(compared to DTT or DTT +Vit E combination) is of significant importance. 
Vitamin E is the main free radical scavenger in the lipid phase and is 
therefore important in^1iie prevention of lipid peroxidation. In addition, it has 
also been said to play a structural role in biological membranes (Chiu et aL 
1982; Lucy, 1972). ThaIassaemia has been associated with vitamin E 
deficiency suggesting an increased consumption of this agent in these 
oxidant stressed cells (Vatanavicharn et al. 1988; Panata et a/. 1983). Lipid 
peroxidation with membrane damage, have been shown to be of importance 
in the pathophysiology of thalassaemic red cells (Rachmilewitz et aL 1985; 
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Rachmilewitz et a/. 1976). Indeed the findings in the preceding chapter 
demonstrated significantly higher lipid peroxidation in thalassaemic red cells 
compared to their age equivalent normal red cells. It has been also been 
shown that increased lipid peroxidation can be reversed in vitro by the 
addition of vitamin E (Chiu et al. 1982). Also, levels of the lipid peroxidation 
by-product MDA has been found to be reduced in thalassaemic subjects 
following Vitamin E supplementation (Rachmilewitz etal. 1979). 
Red cell deformability and permeability changes associated with lipid 
peroxidation can significantly affect the i _ s i o n and growth of the malaria 
parasite and contribute to the protective mechanism. These changes also 
worsen with increasing erythrocyte age. A decreased severity of malaria 
infection has been shown to occur in vitamin E deficient rats, a finding that 
was reversible with vitamin E supplementation (Eaton et al. 1976). The age 
related effect of Vit E demonstrated in this study show that prevention of 
lipid peroxidation in thalassaemic red cells significantly reduce the protective 
effect of thalassaemic red cells against malaria. Parasitised normal red cells 
show increased resistance to lipid peroxidation, brought about by the 
intracellular development of the parasite (Simoes et a/. 1992). By causing an 
increased resistance to lipid peroxidation, the cell membrane integrity is 
maintained thus ensuring a conducive milieu for parasite growth. It is 
speculated that this effect is mediated by an increased reducing potential of 
the host cell cytosol possibly due to ascorbic acid and its interaction with 
vitamin E. It thus appears that increased lipid peroxidation plays an 
important role in mediating the protective effect of thalassaemic red cells. 
174 
Pro-oxidant agents: 
Ail three pro-oxidant agents inhibited parasite growth in both normal 
and thalassaemic red cells. The IC50 concentration is a measure of the 
sensitivity to the pro-oxidant agent with lower concentrations indicating high 
sensitivity. With the exception of the old RBC fractions, significantly lower 
IC50 concentrations of riboflavin and menadione were required in 
fractionated and whole blood samples of thalassaemic red cells compared to 
normal red cells. However, with artemisinin, there was no significant 
difference in the IC50 between normal and thalassaemic red cells (except in 
old normal RBC). Riboflavin and menadione are both non-specific pro-
oxidant agents which enhance the production of hydrogen peroxide and free 
radicals within the cell (Friedman, 1979; Misra & Fridovich, 1972). Their pro-
oxidant effect is exerted on the host parasite complex. However, artemisinin 
has been shown to be selectively toxic to the malaria parasite (Maeno et aL 
1993; Meshnick et aL 1991; Jiang et aL 1985). The formation of adducts 
between artemisinin and haemozoin (in the parasite) results in generation of 
free radicals with ultimate parasiticidal effects (Meshnick et al. 1991). This 
selective toxicity of aftemisinin has been confirmed by localisation of the 
drug within the parasite demonstrated on electron microscopy (Maeno et al. 
1993). The finding of similar ICso doses in both normal and thalassaemic red 
cells is in support of this selective toxicity. It also indicates that the 
thalassaemic trait condition does not alter the sensitivity to artemisinin. In 
contrast, thalassaemic red cells were more sensitive to the effects of 
riboflavin and menadione because of their increased oxidant stress status 
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resulting in significantly higher inhibition of parasite growth. 
The reason for the increased sensitivity to artemisinin in old normal 
red cells remains unclear. In HbH and HbCS RBC, competition between 
infected and non-infected cells for drug accumulation was shown to result in 
decreased sensitivity to artemisinin (Kamchonwongpaisan et al. 1994). Drug 
accumulation in uninfected genetically variant cells were also found to be 
higher than in uninfected normal cells. If such drug accumulation in 
uninfected normal red cells is age dependent, decreasing with increasing 
ceil age, then more drug would be available for uptake into infected cells. 
This would manifest as decrease in ICso concentration required in the old 
cells, as seen from the results presented here. Further work needs to be 
done to clearly assess the kinetics of artemisinin accumulation in age 
fractionated normal and thalassaemic red cells. 
Assessment of pro-oxidant and antioxidant effects in vitro are open to 
criticism, as the situation in vitro is not completely comparable to that in vivo. 
However, the observation that these oxidant modulating agents alter the 
protective effect of thalassaemic red cells supports the "oxidant stress" 
hypothesis. Difference^ in the sensitivity profiles of the artemisinin (parasite 
selective) and the non-selective pro-oxidants in thalassaemic red cells, 
further demonstrates the role of oxidant stress in the protective mechanism. 
Some of these oxidant modulating agents (vitamin E and riboflavin) 
are nutrients present in food. In light of findings shown here, the use of 
oxidant modulating agents in thalassaemic subjects at risk of malaria 
infection needs to be further assessed. This is of particular importance with 
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respect to antioxidant agents which tend to reduce the protective effect of 
these variant red cells. Due to the reported beneficial effects of antioxidants 
e.g. vitamin C and E especially in the prevention of certain diseases such as 
cancer (Aruoma, 1994; Halliweii, 1994) more people are taking supplements 
of these vitamins. Administration of these supplements in thalassaemic 
subjects at risk of malaria infection needs to be closely monitored and 
assessed. In addition, normal non-immune individuals on vitamin E or other 
antioxidant therapy who visit malaria endemic areas may theoretically also 
be at risk of more severe malaria infection. 
Levander and Ager (1993) have suggested the use of pro-oxidant diet 
as an adjunct to antimalarial therapy especially when using drugs which act 
through the generation of free radicals. This was based on findings from a 
series of experiments in mouse models which showed that feeding with fish 
oil (containing highly unsaturated fatty acids) reduced the severity of malaria 
infection and enhanced the curative effect of a qinghaosu derivative 
(artelinic acid). Other recent studies have also found that such pro-oxidant 
diet reduced the risks of cerebral malaria in mouse models (Levander et aL 
1995; Moumaris et at 1995; Blok et al. 1992), It will be recalled that 
unsaturated lipids are highly susceptible to peroxidation, thus increasing the 
consumption of vitamin E (the main lipid antioxidant agent) and resulting in a 
form of "vitamin E deficiency". It is speculated that such adjuvant therapy 
would reduce the curative dose of pro-oxidant antimalarial drugs and 
possibly minimise the development of drug resistance. Indeed, the findings 
in this chapter further supports this suggestion. 
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With the emergence of more drug resistance strains of the malaria 
parasite, there is an urgent need to explore the potential of such adjuvant 
pro-oxidant therapy. However, it must be said that despite the possible 
beneficial effect of this adjuvant therapy in cerebral malaria, one would 
advocate close monitoring (to maintain a reasonable balance of oxidant 
status) especially in children and non-immune adults who are at risk of 
cerebral malaria. This is because current evidence suggests that nitric oxide 
and possible free radical effect in the vascular endothelium may be involved 
in the pathogenesis of cerebral malaria (Clark et al. 1992; Das et aL 1991) 
11.5 SUMMARY 
The effect of pro-oxidant and antioxidant agents in modulating the 
protective effect of thalassaemic red cells have been demonstrated. With the 
use of fractionated samples, it has been shown for the first time that 
dithiothreitol and vitamin E cause an improvement in parasite growth. The 
better effect of vitamin E also indicates a role for lipid peroxidation in the 
protective mechanism. Furthermore, differences in sensitivity profiles for 
汝 
artemisinin (parasite selective) and the non-selective pro-oxidants (riboflavin 
and menadione) are noted. The findings indicate that oxidant stress in 
general and the resulting lipid peroxidative membrane changes in particular 
are likely to mediate the protective mechanism. 
With the use of fractionated RBC, a new observation of increased 
sensitivity to artemisinin in old normal red cells was noted. This calls for a 
closer look at the kinetics of the accumulation of artemisinin in age 
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fractionated normal and variant erythrocytes. 
Finally, the findings in this chapter further buttress the suggestion 






ULTRASTRUCTURE OF MALARIA 
PARASITES IN THALASSAEMIC RBC 
CHAPTER 12 
12.1 INTRODUCTION 
In the preceding sections, a reduced rate of growth of P. falciparum 
has been demonstrated in thalassaemic red cells. In addition, schizont 
maturation arrest and the presence of abnormal moribund 
trophozoite/schizont stage parasites was shown in old thalassaemic RBC. 
These findings were reversed by antioxidant agents. The ultrastructure of 
the parasite was therefore examined in an attempt to determine the nature, 
extent and site of injury in the abnormal parasites. 
12.2 MATERIALSJiND METHODS 
12.2.1 Parasite culture 
Malaria parasites were cultured in fractionated thalassaemic red cells 
as described in section 3. In old thalassaemic red cells (i.e. bottom 
fraction), abnormal moribund late trophozoites /schizonts were visualised by 
light microscopy from the end of the second cycle. These parasites were 
harvested at 96hr, 120hr and 144hr and processed for Transmission 
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electron microscopy (TEM). 
12.2.2 Preparation of samples for TEM 
To prepare stock 0.2M phosphate buffered saline (PBS), 0.2M 
NaH2PO4.2H2O (solution A) and 0.2M Na2HPO4 (solution B) were made up. 
To obtain 0.2M PBS (pH 7.4), 230ml of solution A and 770ml of solution B 
were mixed. From this stock solution, 0.1M and 0.05M PBS were obtained 
by dilution. 
Harvested samples were washed three times in 0.1M PBS pH 7.4 at 
800g for 5min. Fixation was carried out for 1 hr at room temperature using 
1.25% glutaraldehyde (Electron microscopy grade), in 0.05M PBS, pH 7.4 
with 40/0 sucrose. Fixed samples were washed three times (800g for 5min) 
using 0.1M PBS and then made en bloc using gelatin. The gelatin was then 
fixed using 1.25% glutaraldehyde in 0.05M PBS for 15min at room 
temperature followed by washing three times. Post fixation was done using 
1% Osmium tetroxide for 1hr at room temperature. Graded ethanol 
dehydration was then carried out. Ethanol concentrations of 30%, 50%, 
70%, 85% 95% and l00% (10min in each concentration), followed by 
propylene oxide (for 20min) were used. Samples were then embedded in 
Spurr embedding medium (Spurr resin kit, Agar Scientific UK). The resulting 
blocks were cut using Ultracut E (Riechert Jung) ultramicrotome. Semi-thin 
sections were cut using a glass knife and ultra thin sections with a diamond 
knife. The ultra thin sections obtained were then mounted on nickel grids 
(200mesh) and double staining carried out using 1 % uranyl acetate and lead 
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citrate. A Carl Zeiss electron microscope (model EM 10C with 60KV power) 
was used to examine the mounted sections and photomicrographs taken. 
12,3 RESULTS 
12.3.1 Normal parasites 
The parasites grown in normal RBC showed normal morphology 
irrespective of duration of culture. The morphological features of these 
normal parasites are shown in Figures 12.1 to 12.6. 
Figure 12.1 shows a trophozoite stage parasite. The nucleus and 
food vacuole are clearly demonstrable. The nuclear envelope is clearly 
outlined. The food vacuole is well defined with normal morphology although 
there is partial extraction of haemozoin. There is also a double membraned 
mitochondria lying next to the food vacuole. There are two vesicles within 
the red cell cytoplasm. In Figure 12.2, the presence of the spindle in the 
nucleus indicates a mature parasite about to undergo schizogony. Sections 
of the cytosome are seen in Figure 12.3. Haemozoin which appears 
crystalline is demonstrable within the food vacuole. The double membrane 
of the cytosome is clearly visible in Figure 12.4 and 12.5. The internal 
membrane is derived from the host RBC and the external membrane is of 
parasite origin. In the schizont stage parasite in Figure 12.4, an electron 
dense collar can also be seen in association with the cytosome. Figure 12.6 
is a section of a segmenting schizont. It shows a normal merozoite with 
rhoptry and apical complex visible. 
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12.3.2 Abnormal parasites in thalassaemic RBC 
The abnormal trophozoite/schizont stage parasites in thalassaemic 
parasites had uKrastructural changes which were demonstrable from 96hr 
and became worse with increasing duration of culture. Parasites within a 
and p thalassaemic red cells showed equivalent changes. 
Figure 12.7 shows a schizont stage parasite, at 96hr in a 
thalassaemic RBC. One of the two nuclei seen appears normal. However, 
the second nucleus has a patchy area of discontinuity of the nuclear 
membrane. A large fissure (suggestive of cellular degeneration) is visible 
within the parasite cytoplasm. There is also the presence of a spur on the 
RBC. In addition to the presence of the fissure, the early damage at 96hr 
seen in Figure 12.8 also shows patchy areas of loose grainy parasite 
cytoplasm. The cytosome and food vacuole (with haemozoin being formed) 
show normal morphology, although the haemozoin appears scanty. Figure 
12.9 shows a trophozoite at 120hr in p thalassaemic RBC. The 
parasitophorous vacuolar membrane appears irregular. In addition, 
membrane bound clefts and vesicles are seen in the red cell cytoplasm. 
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Evidence of further damage can be seen in Figure 12.10 which shows a 
schizont at 120hr. More extensive fissures are seen in the parasite 
cytoplasm. A large space now appears within the parasitophorous vacuole. 
One of the two nuclei shown is not clearly defined and the perinuclear 
membrane cannot be visualised. The food vacuole is well defined with areas 
of haemozoin extraction. The cytosome remains morphologically normal. 
Figure 12.11 shows an even more badly damaged trophozoite at 120hr. The 
183 
nucleus is rather swollen, with a damaged nucleolus and poorly defined 
nuclear membrane The cytoplasm is very loose and grainy with hbosomal 
damage. Late damage at 144hr is shown in Figure 12.12. There are mdtiple 
slender and wide fissures within the parasite. The cytoplasm appears very 
loose and shrunken. The remnant of a damaged food vacuole with 
discontinuity in the vacuolar membrane can be seen. With very late damage 
at 144hr as seen in Figure 12.13, there is complete disintegration of the 
parasite with shrinkage, very loose cytoplasm and organnelles are hardly 
visualised. 
It is difficult to compare the amount of haemozoin in parasites within 
normal and thalassaemic red cells as the haemozoin appeared to be 
extracted in a number of samples examined (most probably as a result of 
processing as lead citrate used in staining can dissolve haemozoin). 
Although clefts and vesicles were seen in the cytoplasm of both 
normal and thalassaemic RBC, parasitised thalassaemic red cells had on 
average double the number of clefts and vesicles compared to normal ones 
(Figures 12.1, 12.9, 12.11). There were no knobs seen on the membrane of 
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Figure 12.1 
Normal trophozoite. Well defined nucleus (N) with visible perinuclear 
envelope (p). Normal food vacuole (f). Mitochondrion (m) rying in close 
proximity to the food vacuole. Two vesicles (v) can be seen within the RBC 
cytoplasm (x36,500) 
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Figure 12.2 
Within the nucleus (N), the nucleolus with a spindle (d) can be seen. This is 
a mature normal parasite about to undergo schizogony. Sections of normal 
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Figure 12.3 
Normal food vacuole (f) with haemozoin (Hz). 
Sections of normal cytosome (c) are also visible. ( x 42,000). 
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Flgure 12.4 
Early normal schizont stage with the presence of an electron dense collar 
(e) associated with the cytosome (c). The double membrane of the cytosome 
is well defined (arrow). The inner membrane is derived from RBC and the 





Early food vacuole (f) seen. Three sections of normal cytosomes (c) with 
visible double membrane, (x52,000) 
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j Figure 12.6 
慕 Section of segmenting schizont. Normal merozoite with 
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Figure 12.7 
Schizont in a thalassaemic RBC, showing early damage at 96hr. Large 
fissure (R) seen within the parasite cytoplasm. The two nuclei (N) appear 
normal although one has an area of discontinuity in the perinuclear 
membrane (white arrow). Note the presence of the spur (black arrow) on the 
RBC. (x38,000) 
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Figure 12.8 
Early damage seen at 96hr in trophozoite within p thalassaemic RBC. 
Patchy areas of loose grainy parasite cytoplasm (y) can be seen. Large 
slender fissure (R) appears within the cytoplasm. Food vacuole (f) with 
haemozoin (Hz) and cytosome (c) visible and morphology still appears 
normal, (x30,000) 
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Figure 12.9 
Trophozoite within p thalassaemic RBC at 120hr. Irregular parasitovacuolar 
membrane (arrow). Fissure (R) also seen. Membrane bound clefts (b), golgi-
like clefts (g) and vesicles (v) seen within the RBC cytoplasm, (x 34,000) 
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Figure 12,10 
Damaged schizont in a thalassaemic RBC at 120hr. One of the nuclei 
appears damaged (x), while one still appears normal (N). The damaged 
nuclei has poorly defined perinuclear membrane. Rather large space (s) 
appearing within the parasitophorous vacuole. Fissures (R) are seen within 





Badly damaged schizont at 120hr from a thalassaemic RBC. Very loose 
grainy parasite cytoplasm (y) with possible ribosomal damage. Large poorly 
defined nucleus (N) with abnormal nucleolus (u). Membrane bound clefts (b) 
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Figure 12,12 
Late damage at 144hr in schizont from p thalassaemic RBC. Loose 
shrunken parasite cytoplasm (y) with multiple fissures (R). Remnant of 
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Figure 12.13 
Shrunken disintegrating trophozoites seen 144hr in a thalassaemic RBC. 




Ultrastructural assessment of abnormal parasites seen on light 
microscopy in thalassaemic red cells has been carried out. The main 
anomalies seen in these moribund parasites include evidence of cellular 
degeneration, nuclear and food vacuolar damage. Increased number of 
clefts and vesicles were also seen in the cytoplasm of the parasitised 
thalassaemic RBC. These anomalies worsened with increased culture 
duration and in severely damaged parasites, there was total disintegration of 
the parasite. 
In a previous study on the ultrastructure of malaria parasites in 
thalassaemic red cells, the presence of empty spaces within the merozoites 
was noted {Mackenstedt et al. 1989). These empty spaces are not seen 
within normal healthy parasites and their presence is indicative of cellular 
degeneration. The fissures seen within the parasite cytoplasm in this study 
are similar to the empty spaces described by Mackensedt and colleagues. 
Thus, these fissures suggest ongoing cellular degeneration in these 
abnormal parasites. 
The cytoplasm%f these abnormal parasites appeared loose and 
grainy. This is in contrast to the more packed and electron dense cytoplasm 
of normal parasites. This cytoplasmic anomaly is accompanied wlth possible 
ribosomal damage. These changes are in keeping with cellular 
degeneration. Cellular degeneration occurring within the parasite would 
hinder further development of the parasite, it is speculated that such 
developmental retardation could result in the schizont maturation arrest 
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demonstrated earlier in this study. In addition, it is most likely that 
merozoites produced by such schizonts would be defective, probably 
incapable of effective invasion. Such a scenario would support the reduced 
re-invasion rates demonstrated in this study (section 3，chapter 9.3). 
The suggestion that developmental retardation could be taking place 
is also supported by the presence of nuclear damage. Breakdown of the 
|
nudear envelope was seen in the damaged parasites. In a study by 
Atkinson and co-workers (1991)， desfemoxamine treated parasites 
I 
f demonstrated nuclear damage at the trophozoite/schizont stage. 
s' 
k 
Desfemoxamine {DFO) is an iron chelator and it probably prevents nuclear 
division by inhibiting the iron-dependent enzyme ribonucleotide reductase. 
As previously discussed (section 1，chapter 5.1)， it has been speculated 
that the hypochromic thalassaemic red cells might have less nutrients (such 
as iron) available for the parasites. This could also result in similar effects as 
seen with DFO treatment. The nuclear damage seen here appears to 
support this. However, artemisinin which acts through the generation of free 
radicals has also been shown to result in damage to the nuclear membrane 
(Maeno etal. 1993).:农 
Discontinuity in the food vacuolar membrane was seen,丨门 keeping 
wKh damage to the food vacuole. The food vacuole has been described as 
the power house of the parasite and central to its metabolism (Olliaro & 
Goldberg, 1995). The degradation of ingested haemoglobin and as well as 
polymerisation of haem takes place here. Furthermore, free radicals 
detoxification and amino acid transportation occur within the food vacuole. 
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As a result of its key role in parasite metabolism, many antimalarial drugs 
are accumulated within this organelle. Food vacuolar damage has been 
described in parasites treated with antimalarial agents such as artemisinin, 
mefloquine, chIoroquine and pyronaridine (Maeno et al. 1993; Wu et al. 
1988; Jacobs et al. 1987; Macomber et al. 1967). 
It is speculated that free radical mediated damage may affect the food 
vacuole, resulting in altered nutrient availability and also increase the 
sensitivity of the parasite to oxidant damage. It was difficult to assess if there 
was any reduction in the amount of haemozoin (malaria pigment) in the 
abnormal schizonts. This is because there appeared to be extraction of 
haemozoin (seen in some photomicrographs of both normal and abnormal 
parasites), which probably occurred during the sample processing. A 
reduction in haemozoin might have been an indication of a reduced 
availability of nutrients in these abnormal parasites. However, the presence 
of morphologically normal cytosomes in these abnormal parasites suggest 
that the feeding process remains essentially normal. 
As noted above, the cytoplasmic, ribosomal, nuclear and food 
vacuolar damage desgribed here can occur individually in parasites treated 
with various agents. It is however interesting that a similar combination of 
changes (as well as damage to the mitochondrion) have been described in 
parasites treated with artemisinin (Maeno et aL 1993; Jiang et aL 1985). 
Artemisinin achieves its selective parasiticidal toxicity by generating free 
oxygen radicals within the parasite hence inducing oxidant damage 
(Meshnick et aL 1991; Krungkrai & Yuthavong, 1987; Klayman, 1985). This 
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finding suggests that the damage in the abnormal parasites in this study 
may also be mediated by free radical damage. This further supports the 
speculation that increased oxidant stress within thalassaemic trait red cells 
results in damage to the parasite and mediates the protection against 
malaria infection. 
The increased occurrence of clefts and vesicles in the parasitised 
RBC cytoplasm is in contrast to findings by Mackenstedt and colleagues 
(1989) who reported a reduction in the number of these structures. Clefts 
and vesicles have been linked with transport of parasite antigens. However, 
this merits closer investigation with more sophisticated methods such as 
confocal microscopy or immunoelectron microscopy.. 
Knobs were not demonstrated on the surface of parasitised RBC as 
the FC27 strain is a knobless strain (personal communication Rogerson, S.). 
1Z5 SUMMARY 
The findings in this section provide ultrastructural support for oxidant 
stress being a mediator of the innate protection against malaria infection in 
thalassaemia. There ^fe similarities between the damage to the parasite 
demonstrated here and that previously described with artemisinin which also 





FUTURE WORK AND CONCLUSION 
CHAPTER 13 
13.1 FUTURE WORK 
Using the findings from this study as a backdrop, a number of areas 
need to be further explored. 
The findings in this study has shown the effectiveness of the 
experimental approach that has been used. This model could also be 
applied to study other factors that have been postulated in the protective 
mechanism. This is especially pertinent to those that are also age related 
such as deformability changes and immune mechanism effects. 
With this in vitro set-up, the role of antioxidant and pro-oxidant agents 
in modulating the protective effect of thalassaemic red cells against malaria 
has been demonstrated. The finding that free radical damage plays a key 
role in the protective effect strengthens the need to explore closely the use 
汝 
of pro-oxidant diet in antimalarial therapy. Dietary intervention studies could 
be carried out in subjects at risk of malaria infection to determine the 
effectiveness of such pro-oxidant therapy. 
In addition, clinical work needs to be carried out to assess the in vivo 
丨 effects of antioxidant agents in thalassaemic subjects. Follow up 
assessment of thalassaemic subjects on antioxidant agents could also 
• ••! . 
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provide information on how supplementation with these agents might alter 
the incidence as well as the severity of malaria infection. K is especially 
necessary to clearly define the levels of these antioxidant agents which 
would alter the protective effect of the thalassaemic trait condition. 
Having demonstrated the key role oxidant stress plays in this 
protective mechanism, more work needs to be done to clearly characterise 
I 
the precise steps involved in this oxidant mediated damage. In particular, 
I the role of free iron mediated autoxidation and its interaction with the 
'f 
4 
I parasite needs to be carefully investigated. This is especially important in 
丨.8 
M 
view of the importance of iron to the parasite and because this represents an 
！ 
area which could be exploited for the development of new drugs. 
Artemisinin is a potent antimalarial agent with selective parasiticidaI 
effects. As presented earlier, old normal RBC show a higher sensitivity to 
this drug compared to age equivalent thalassaemic RBC. It was speculated 
that the accumulation of this drug in both normal and variant erythrocytes 
might be age related. A previous study has shown that the accumulation of 
this drug is higher in uninfected HbH RBC compared to uninfected normal 
RBC. However, there ^ e no available reports on the kinetics of this drug in 
thalassaemic trait RBC. Detailed study needs to be carried out to investigate 
the kinetics of this drug in age fractionated normal and thalassaemic trait red 
cells. 
Finally, the electron microscopy work has demonstrated increased 
’ number of clefts and vesicles suggestive of increased parasite antigen 
trafficking. Further work needs to be done to dearly characterise these 
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structures and assess if indeed parasite antigen trafficking is taking place. 
13.2 Conclusion 
Using a novel experimental approach involving culturing malaria 
parasites in age/size related fractions of thalassaemic RBC over an 
extended culture duration (144hr), a number of new findings have been 
demonstrated The protective effect of thalassaemic red cells have been 
demonstrated in both whole blood and fractionated samples. It has been 
clearly shown that the rate of invasion and parasite growth are adversely 
affected by the presence of the thalassaemic condition. For the first time, the 
role of cell age in the protective effect has been unmasked. In addition, the 
phenomenon of schizont maturation arrest has been demonstrated. As a 
new finding, this study has also shown that this phenomenom is associated 
with the presence of moribund trophozoite/schizont stage parasites and also 
compounded with increasing cell age. 
It has also been shown that this protective effect is mediated by the 
effect of oxidant stress which might be related specifically to lipid 
peroxidative damage. For the first time, the technology of flow cytometry has 
been used to assess lipid peroxidation in thalassaemic RBC. With this 
sensitive method, an age-related increase in sensitivity to oxidant stress 
(which has hitherto not been shown in these variant red cells) has been 
t demonstrated. This increased lipid peroxidation in thalassaemic red cells 
was also associated with lower parasitaemia and is modulated by pro-
oxidant and antioxidant agents. Furthermore, with the thorough experimental 
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design used, this study has specifically shown that the use of antioxidants to 
reverse oxidant stress results in significantly improved parasite activity in 
thalassaemic RBC. Ultrastructural assessment of the parasites has also 
provided further supportive evidence for the role of free radical damage in 
the protective mechanism. 
It is recommended that antioxidants should be used with caution in 
people at risk of malaria infection. In addition, there is an urgent need to 
exploit the oxidant sensitive nature of the parasite in the development of new 
antimalarial dmgs and therapeutic regimes. 
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